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Abstract

Liposomes are spherical vesicles made of a double lipidic layer that
surrounds an inner aqueous core. Several methods for the preparation of
liposomes have been developed over the last decades. However, these
methods present several drawbacks, such as low reproducibility, batch
operations, low encapsulation efficiency of hydrophilic compounds, control
difficulties in liposome size distribution and high solvent residue, thus
hindering the significant industrial potential of these drug delivery systems.

Supercritical fluid (SCF) technologies have been proposed to overcome
several limitations of conventional processes for the production of
micronized particles carriers, coprecipitates and nanocomposite polymeric
structures. Recently, some techniques based on the use of supercritical
carbon dioxide have also been proposed for liposome production. However,
these methods still have some limitations related to the control of liposome
dimension and size distribution, while also presenting very low
encapsulation efficiency of hydrophilic drug. The main limitation of the
processes, both conventional and supercritical, derives from the hydration
step of the lipid layer. During this step, only a part of the water used for
hydration is entrapped in liposomes, resulting in a low overall encapsulation
efficiency.

Therefore, the objective of this PhD thesis is to develop a novel
technology assisted by supercritical carbon dioxide for the production of
liposomes of controlled dimensions. The proposed technique is called
Supercritical assisted Liposome formation (SuperLip). In this process, first
water droplets are produced; then, they are rapidly covered by
phospholipids.

In the first year of this PhD project, the effect of several process
parameters were studied such as water flow rate, injector diameter, pressure
and Gas to Liquid Ratio of the Expanded Liquid (GLR-EL); i.e., the mass
ratio of carbon dioxide and ethanol flow rates. In addition, the composition
of liposomes was modified by changing the phospholipid concentration and
adding other lipids in the double lipidic layer such as cholesterol. It was then
possible to produce vesicles with a good control of particle size distribution
(PSD) as well as obtain a high encapsulation efficiency (EE) of the
hydrophilic and lipophilic (up to 99%) compounds. The decrease of the
water flow rate resulted in the increase of drug encapsulation efficiency;
moreover, the use of an injector nozzle with a larger diameter resulted in the
production of both larger water droplets and liposomes. The concentration of
lipids did not affect the mean size of the liposomes or encapsulation
efficiency, but it resulted in a delayed drug release due to the formation of
several lamellae around the water droplets. Cholesterol was also recognized
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as being responsible for a more compact double lipidic backbone. From
previous studies, the increase of pressure resulted in the formation of smaller
water droplets and liposomes. Vesicle production mechanisms involved in
the SuperLip technique were studied to verify the hypothesis proposed for
this process.

During the second year, several liposome-based product formulations
were developed, according to the operating parameters already optimized
during the first year of study. Antibiotics for ocular delivery, proteins and
markers for molecule labeling were entrapped in liposomes for
pharmaceutical purposes. Cosmetic applications were also explored,
encapsulating antioxidant compounds of a hydrophilic and amphiphilic
nature. Amphoteric compounds were entrapped either in the inner core or
lipidic layer of liposomes to study the differences in the antioxidant
inhibition power, depending on the vesicles compartment of encapsulation.
Dietary supplements were also entrapped for food applications, in order to
valorize the by-products that are generally discarded by the agro-alimentary
field. A novel textile application was also proposed for the deposition of a
dye on leather samples.

In the third year of this PhD project, in vitro studies were also performed
with antibiotic loaded liposomes with E.Coli. An economic analysis on the
proposed SuperLip technique was performed. SuperLip has a Technology
Readiness Level (TRL) of 6/7, since it has been designed in a continuous
lab-scale configuration, with it being possible to scale it up to industrial
level. The SuperLip method can produce about 5 liters of liquid liposomes
suspensions per day. The idea at the basis of the process has been already
validated by product development and samples characterization, as reported
in our published works. The potential of SuperLip has always been
recognized by external customers, interested in the production of liposomes
on demand. A business plan for the commercialization of SuperLip products
was attempted to verify whether the production of liposomes using this
technique could be profitable in the commercial application. A B2B model
was proposed and an estimation of CAPEX and OPEX performed to produce
a 5-year (2018-2022) prospective for commercialization.
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I.1.Introduction and definition of liposomes

Drug delivery consists of the administration of a compound to achieve a
benefic and therapeutic effect in living bodies (Tiwari et al., 2012). For the
treatment of human illnesses, several drug delivery systems have been
developed, such as polymeric and lipidic particles, hydrogel particles,
emulsions, membranes and microspheres and other molecular complexes
(McClements, 2015). Nevertheless, the development of new drug
formulations has recently been considered not sufficient to guarantee
scientific progress in the drug therapy field. For this reason, the introduction
of novel drug carriers was considered a promising strategy to enhance drug
bioavailability and effectiveness of drug administration (Lesoin et al.,
2011b). Among the drug delivery systems, the attention of academics and
industries is focused on liposomes production and development for their
high potential benefits to human body.

Liposomes are spherical vesicles characterized by an inner aqueous core
surrounded by one or more lamellae of phospholipids. Each lamellae is made
up of a double layer of phospholipids; the latter are amphiphilic compounds
formed by a hydrophilic polar head and two hydrophilic tails. The head is
mainly phosphoric acid; whereas, the chains are made of two fatty acids with
approximately 10-20 carbon atoms and from 0 to 5 double bonds for each
chain. For this reason, when phospholipids are added to an aqueous
environment, they self assemble into spherical objects including a part of
water volume. In detail, lipids form lamellar sheets that suddenly start to fold
like a balloon from the corners; the polar heads face outwards to the aqueous
region; whereas, the fatty acids face each other and finally form spherical
vesicles. This is due to lipids natural tendency to reduce their total free
energy of dispersion in an aqueous environment (Yoshimoto et al., 2013).

Liposomes are used as drug carriers because they can include water in
which a hydrophilic compound has previously been dissolved. Moreover,
lipophilic drugs can also be entrapped within the limited space between the
two lipidic layers (Torchilin, 2005). Liposomes can entrap a wide variety of
active principles, such as antibiotics, proteins, peptides, dyes, nucleic acids,
antioxidants or enzymes. They are recognized as being biocompatible with
the human body since they are generally delivered to living cells that
essentially have the same structure: a double layer of phospholipids.
Laterally thinking, liposomes are very good artificial imitations of nature;
whereas, exosomes are vesicles of natural origin that are released directly by
the cells for their communication (Valadi et al., 2007). Liposomes are
biodegradable and characterized by low toxicity (Lian and Ho, 2001); they
are non-immunogenic for systemic and non systemic administrations.
Lipidic vesicles can entrap unstable compounds and shield their functional
properties.
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Delivery systems that use drug carriers made of phospholipids can have
many applications in different industrial fields such as the cosmetics (Lohani
et al., 2014), food and farming industries as well as pharmaceutics. They
also have many advantages over conventional dosage formulations because
they can protect the entrapped active principles after drug administration.
Moreover, liposomes act as drug reservoirs and a local depot for sustained,
targeted or delayed release (Pham et al., 2012). They can be applied for
antimicrobial, antifungal and antiviral therapy, anti-tumor administration
(Lasic, 1998, Malam et al., 2009), gene delivery (Sarisozen et al., 2015),
immunology. In addition, liposomes can be programmed as targets for
macrophages for blood cleaning (Jone, 2013): drugs are released when
liposomes are digested by macrophages. Moreover, they are used to protect
antioxidants in dermatological applications and anti-aging therapy; they are
involved in food applications as additives of flavors or as dietary
supplements (Keller, 2001) and food bioactive ingredients (Akhavan et al.,
2018). The latter could also be oral iron supplements used to increase
hemoglobin level by liposome encapsulation and delivery (Tarantino et al.,
2015). Liposomes are involved in enzyme immobilization, bioreactor
technology (Akbarzadeh et al., 2013) and the deposition of dyes in textile
applications (Barani and Montazer, 2008a). Finally, a curious and highly
interesting application is the production of Lipid Oxygen containing
Microparticles (LOMs). In the case of prolonged oxygen deprivation, serious
damage can be caused to the heart or brain. In this case, oxygen is fed to
patients through oral injection via a mouth tube. A more difficult situation is
created when access to the lungs is impeded or delayed. For this reason,
oxygen loaded liposomes can be mixed with venous blood and delivery
oxygen to O2-deprived hemoglobin; following initial animal trials, it was
demonstrated that their health is prolonged and side effects of asphyxia
delayed or avoided (Kheir et al., 2012).

I.2.From history to modern times

Liposomes were first discovered by Dr. Alec D. Bangham (1921-2010), a
British hematologist of the Babraham Institute of Cambridge (United
Kingdom) around 1965. While he was working on blood coagulation
mechanisms applied to biological membranes, he understood that dried
lipids are able to rearrange spontaneously if put in contact with a sufficient
amount of water. This is considered as one of the best examples of science
discoveries by serendipity. He also demonstrated that the spontaneous
rearrangement of lipids is guided by unfavorable interactions between lipids
and water, that generated repulsion effects (Campardelli et al., 2015). This
fact contributes to placing amphiphilic molecules in the space describing a
spherical shape and minimizing molecular interactions and the free Gibbs

3



Chapter I

energy of the system made of hydrophobic chains and external aqueous
medium. For this reason, Bangham defined liposomes as perfect
thermodynamic models (Bangham, 2005).

In the first years of his research, Bangham called these vesicles swollen
phospholipids (Bangham et al., 1965), because they seemed to fold around a
volume of water. Sometimes he referred to vesicles less seriously calling
them banghasomes.

When convinced by the scientific editor Gerald Weissmann to find a
more suitable name for them, the term liposomes was chosen, with it being
made up of the two Greek words lipos (meaning fat) and soma (meaning
body). Bangham also observed these vesicles using an optical microscope
and verified that effectively they were characterized by two compartments:
internally made of water and externally by at least one double layer of
phospholipids. Bangham furthered his studies over the following decades,
producing many interesting works (Bangham, 1992, Bangham, 1993) that
led to numerous fields of research all over the world, with a successive high
industrial potential. He was defined as “the odd pattern of a well-drawn drop
of blood” (Deamer, 2010) thanks to his versatility and open-mindedness,
along with the interdisciplinary of his studies.

Liposomes were seriously considered as possible precursors of living
cells during the prebiological age on the Earth. According to this approach,
life originated from inanimate matter via a spontaneous increase of
molecular complexity and specificity. The spontaneity of liposomes self-
arrangement was compatible with the theory of spontaneous evolution
processes, starting from simple and small molecules to complex systems,
following a bottom-up approach (Luisi et al., 1998).

Nowadays, among a great variety of drug carrier systems, the field of
liposomes is one of the most growing scientific topics worldwide (see
Figure L.1).

Documents by country/territory
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Figure 1.1 Papers on liposomes published per country (a) and liposomes
documents trend over last decades (b). Data obtained by www.scopus.com

During the last decades, about 2000 papers regarding liposomes and their
applications were published each year. The first country focusing on this
kind of research is the United States, followed by Japan, Germany, China
and United Kingdom. Italy is placed 8th worldwide. The information was
obtained from www.scopus.com.

I.3. Classification of liposomes

Liposomes are promising systems for drug delivery, but their morphology
and properties can be of fundamental importance, depending on the kind of
application. Lipidic vesicles can be classified according to size and
lamellarity. Size means the mean diameter of the liposomes, controlled by
different operating conditions and processes; whereas, the lamellarity
indicates the number of double layers of phospholipids that surround the
inner aqueous core containing the hydrophilic drug.

Regarding their size, liposomes can be classified as follows:


http://www.scopus.com/
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- Single Unilamellar Vesicles (SUV), characterized by only one double
layer of phospholipids, with a mean diameter in a range between 20 nm
and 200 nm. These are the most powerful vesicles since they can be
employed in every kind of human tissue; most of them have nanometrical
interstices in which nanosomes can accumulate and be taken up by the
cellular barrier.

- Medium Unilamellar vesicles (MUV), with a mean diameter between 200
and 500 nm.

- Large Unilamellar Vesicles (LUV), single lamellae, with mean
dimensions of about 0.5-10 pm.

- Giant Unilamellar Vesicles (GUV), a single lamellae and a mean size
between 100 and 200 pum, that have been used to study the mechanical
properties of lipid bilayers or as cell models for other studies (Akashi et
al., 1996).

According to lamellarity, they can be divided into:

- OLV (Oligo Lamellar Vesicles), with less than 5 lipidic layers.

- MLV (Multi Lamellar Vesicles), that have a number of double lipidic
layers included between 5 and 20, as if a sort of onion structure. In some
cases, the number of lamellae can be greater.

- MVV (Multi Vesicular Vesicles). They are a particular category, since
they are made of several lipidic layers externally, but in the inner aqueous
core they are made up of other disjointed vesicles. These vesicles are
multi-vesicular for this reason, because they seem to be liposomes in
other liposomes. More precisely, this kind of vesicle might be called
Multilamellar and Multivesicular Vesicles (MLMYV). This class can be
particularly interesting for the entrapment of different kinds of compound
in disjointed inner vesicles, being transported by the same macro
liposome (Shaheen et al., 2006).

I.4. Characterization of liposomes

Liposomes need to be characterized before massive production and
subsequent administration (Laouini et al.). For this reason, many quality
controls must be performed after production (Anwekar et al., 2011). The
manipulation of liposomes according to their applications has brought to the
production of several characterization protocols. As a consequence, many



Liposomes: a full description of the state of art

techniques over the years have evolved to better measure the characteristics
of vesicles (Perkins et al., 1993).

Liposomes suspensions can be translucent or milky, depending on the size of
vesicles and concentration of lipids and drug entrapped or not. For this
reason, the first important analysis to perform is the visual appearance, to
define the turbidity of the sample.

The second step consists of measuring the mean size and standard
deviation of the liposomes produced. Thus, it is possible to obtain the
particle size distribution of the sample so as to have an idea of the order of
magnitude of the vesicles. Vesicle size is a crucial parameter to determine
the circulation half-life of the liposomes. This characterization is performed
with dynamic light scattering. Liposome size also determines the
extravasation, meaning the leakage of fluids from blood streams. Tumor
capillaries are more permeable than others; for this reason, fluids along with
small sized liposomes (at nanometric level) can pass through the gaps and
increase drug accumulation directly in the tumor tissue (Sharma et al., 2018).
Moreover, liposomes considered for inhalation administration need a strict
control of the mean dimension, since it influences the in vivo fate of
liposomes together with the encapsulated drug. Moreover, small sized
liposomes resulted in an increased blood circulation ability (Woodle and
Lasic, 1992). Another method to obtain the mean diameter and particle size
distribution of liposomes is Nanoparticle Tracking Analysis (NTA); this
technique exploits the properties of light scattering as well as the Brownian
motion of colloidal particles in a background medium. Every moving
element is detected with a laser and appear as a white spot followed in all its
motion. In this way, a concentration of liposomes can be obtained with a
good approximation.

The determination of lamellarity means to count the number of double
lipidic layers of the vesicles observed. This analysis contributes to
classifying liposomes as single lamellar, oligolamellar or multilamellar as
well as determine their potential application and efficacy for drug delivery
and administration. This operation is performed using transmission electron
microscopy for the nanometric dimensions and optical microscopy for the
micrometric dimensions. The thickness of each phospholipid double layer is
approximately 5 nm (Wen-ChyanTsai and S.H.Rizvi, 2016).

Surface charge is generally used to predict the colloidal stability of
liposomes suspended in the aqueous external medium. This measurement
cannot be measured directly; for this reason, it is performed with dynamic
light scattering (Gibis et al., 2014) to define the surface charge of the
liposomes and their possible molecular interactions with other molecules or
tissues. It is also called £ potential, and is calculated using the equation eq.

(D):
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where U, is the electrons mobility, € is the dielectric constant in the
sample medium, n is the viscosity of the medium and f the function of
Henry. Net charges of particle surface affect the distribution of ions within
the external double lipidic layer of liposome, that determines the affinity
with the drug that needs to be entrapped (Disalvo and Bouchet, 2014).
According to surface charge, liposomes are classified as cationic (Barenholz
et al., 2011), anionic or neutral (Patil and Jadhav, 2014). Surface charge is an
important value to produce the formulation of drugs and assure their efficacy
in a human medium. The choice of the bilayer components not only
determines the rigidity or fluidity of the drug within the membrane, but also
the average surface charge of the liposomes (Sahoo and Labhasetwar, 2003).

Morphology and shape are detected with scanning electron microscopy,
with it being able to reproduce the 3-dimensional structure of liposomes. It
also gives a confirmation of liposomes size and distribution. Particularly,
Transmission Electron Microscope can be used to observe liposomes section
to check the circularity of the vesicles, count the number of double layers of
the phospholipids and measure their thickness. This can be important in
delaying a controlled drug release through many layers of lipids.

Encapsulation efficiency is the percentage of compound used in the
process that is effectively entrapped in the inner volume of the liposomes.
This means that its complement to 100 is characterized by not entrapped
compound, that will be dispersed or dissolved in the aqueous external bulk.
This drug will not take part in drug administration; for this reason, it is
necessary to entrap as much drug as possible so as to reduce any loss of
content. This feature is taken in particular consideration in the case of highly
expensive drugs to be administrated. Encapsulation efficiency can be
obtained in different manners. The most direct one consists of centrifuging
the liposomes suspension and separate supernatant from the vesicles. Then
the vesicles are dissolved in an organic solvent to disrupt the lipidic layers
(Lopes et al., 2004). The absorbance of the amount of drug diffused in the
solvent is measured with an UV-Vis spectrophotometer and the
encapsulation efficiency is calculated by eq. (2):

Drug Entrapped Concentration

EE [%] =

*100 ()

Total Drug Concentration

Another possibility is to indirectly measure the absorbance of the not
entrapped compound present in the supernatant, calculated as the
complement to 100 % of the percentage of the drug detected in the
supernatant (Nii and Ishii, 2005b, Zhao et al., 2015), following eq. (3):

Total Drug Conc.—Drug Conc.in the Supernatant

EE =

3)

Total Drug Conc.
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in which the supernatant is the aqueous external bulk in which liposomes
are suspended. Working with both methods is always a good way to check
the real EE obtained. Encapsulation efficiency or lipid content can also be
measured with High Performance Liquid Chromatography (HPLC) (Onyeji
et al., 1994), Gas Chromatography, special kits for specific molecules such
as insulin (Park et al., 2011) or lactoferrin (Liu, 2013) or enzyme
immunoassay (Ramaldes et al., 1996). High entrapment efficiencies are
achievable depending not only on the solubility of the drug in the chosen
compartment of encapsulation (water for inner core or ethanol/chloroform
for lipidic layer), but also on the molecular interaction between the lipids and
the drug.

The stability of liposomes is measured through a mean size analysis,
scanning electron microscope analysis and encapsulation efficiency tests
during fixed intervals of time. Storage temperature mostly affect the stability
of lipidic vesicles: particles stored at room temperature (20-25 °C) lose
efficacy; whereas, particles stored at -20 °C resulted in an increase of the
mean diameter and polydispersity index. Refrigerator temperature (2-4 °C)
seemed to be the best condition to maintain the liposomes properties
unaltered for months (Ball et al., 2017).

L.5.Drug delivery with natural release mechanism

Liposomes release mechanisms can be natural or artificial. The natural
mechanism is strictly linked to the similarity between the vesicle membrane
and the cell membrane. Liposomes are attracted to the cell membrane and
become part of the cellular barrier. For this reason, the drug can be injected
directly inside the cytoplasm of the cell. In this way, liposomes can preserve
the drug until they reach the target tissue or cell. These liposomes are the
simplest and are recognized to be 1% generation vesicles.

Drug delivery of the liposome can be mainly performed through oral
administration, transdermal delivery and systemic delivery. The oral delivery
system is highly unstable since the vesicles are subjected to the hostile
physiological conditions of the Gastrolntestinal tract (GI) of the human body
(Li et al.,, 2011b, Rogers and Anderson, 1998), resulting in low drug
bioavailability and short half-life, that leads to the necessity of multiple dose
administration per day (Franze et al., 2018). Transdermal delivery is one of
the most effective methods for drug delivery using liposomes, that can be
applied to most part of hydrophilic and lipophilic compounds. According to
this method, the drug can move into the body through diffusion across the
layers of the skin (skin penetration) (Doppalapudi et al., 2017).

Intramuscular and sub-cutaneous drug administration (systemic)
represent a direct method for liposomal drug delivery that creates a local
depot for the absorption process. In this case, only smaller liposomes show a
fast diffusion into the lymphatic capillaries; whereas, larger liposomes
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remain confined in the site of the injection (Oussoren et al., 1997).
Moreover, the lymphatic system is highly exploited by tumor cells and
pathogens for the creation of secondary tumors (Poste and Fidler, 1980); for
this reason, the sub-cutaneous injection of liposomes containing anti-tumoral
drugs could be the best drug delivery system to fight against these illnesses
(Oussoren and Storm, 2001).

L.6. Artificial drug release techniques

Clinical diagnostics is characterized by an enormous range of drug
molecules, whose list is added to every year. For this reason, one of the most
important aims of pharmaceutical industries is to increase the therapeutic
index of drugs as much as possible, minimizing the side effects and reducing
drug exposure to normal tissues. The main problem of native drug molecules
is related to the incapability to deliver therapeutic drug concentrations to
target tissues, avoiding any toxic effects. This is particularly true for
chemotherapy, that involves tissue treatment with very potent drugs.
Normally, only 1% of the intravenously administered drug effectively
reaches tumor tissue; the rest is dispersed throughout the whole body,
damaging its safety. For this reason, sterically stabilized vesicles and
targeted surfaces are the key to avoiding toxic effects during therapies. A
new generation of liposomes was founded.

Drug delivery systems such as liposomes are widely used due to their
ability to incorporate several compounds of a different nature. To treat a
wide variety of illnesses related to cells, intelligent liposomes have been
developed that can float in blood streams for a longer time (Voinea and
Simionescu, 2002). For this reason, artificial release mechanisms have been
created and realized. They are generally induced by external stimuli; for
example, a sudden increase of temperature (Temperature Sensitive
Liposomes). Some kind of lipids are sensible to temperature variation and
can be activated even with a slight increase (0.1 °C). Working with
temperature sensitive liposomes, the lipidic membrane can open and release
the entrapped drug. In this way, it is possible to activate and stop the release
according to patient necessities. Another external stimulus is the pH
variation, since the formation of necrotic tissues due to the presence of
cancer leads to a different pH value of the cellular environment (Bertrand et
al., 2010). In fact, pH-sensitive liposomes can accumulate in the site of
action for two different reasons: first, viruses develop strategies to take
advantage of the acidification of the tissues to infect cells; second, it was
found that such tumors or inflamed areas exhibit an acidic environment
when compared to normal tissues (Tila et al., 2015). In detail, if the
liposomes are programmed to recognize this variation of pH, they will also
easily find a target tumoral tissue without causing dangerous toxic side
effects to healthy tissues. Another artificial release is induced by ultrasound
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stimulus. This can induce the opening of the lipidic barrier with subsequent
drug release. Finally, it is possible to deliver a liposome in which a
pharmaceutical compound and Hollow Gold Nanoshells (HGN) or
Nanoparticles have been previously entrapped. Gold nanoshells are reactive
to near-infrared radiation (Wu et al., 2008). When the targeted cell is
reached, an infrared laser goes in resonance with the gold and the double
layer opens and works as a trigger for the release of the drug. When the
irradiation is stopped, the structure closes and the drug is no longer released.
This kind of drug release is called pulsed and should be programmed
carefully. Drug concentration must be included in the therapeutic window,
above the lower limit (efficacy) and under the upper limit (toxicity). Also
ultrasound stimuli or electroporation applying a directly a constant magnetic
field (Casciola et al., 2014) that disturbs the integrity of the double lipidic
layer and induce lamellae rupture and the consequent drug loss. These
systems were considered to be part of the second generation of liposomes.

The third generation of liposomes was obtained with the fabrication of
surface modified and engineered lipidic vesicles. Liposomes external
surfaces can be decorated with labels such as peptides (Ravikumar et al.,
2012), opsonines, antibodies (Papadia et al., 2014) or polymer fragments
(Karanth and Murthy, 2007) so as to obtain specific delivery or a long
delayed drug release to target tissues. Opsonins are ligands to activate
endocytosis in other cell types; whereas, antibodies are used as “homing”
devices capable of transforming into a binding element for analytical
applications. However, the large number of active groups that can be linked
onto liposomes surface are able to favor their binding to their
complementary cell receptor; this is known as multivalent effect (Paleos et
al., 2016).

One of the most important liposomes drawbacks is the fast elimination
from blood, since they are captured by the reticulo-endothelial system, first
of them, the liver. For this reason, vesicles were furthermore improved to
overcome this problem. Immunoliposomes are vesicles with a modified
surface programmed to be digested by macrophages. This plays a
fundamental role in keeping human tissues clean. Since artificial liposomes
are recognized to be external elements, macrophages tend to eat them. For
this reason, liposomes were used as Trojan horses to be digested by
macrophages (Jain et al., 2013). During the digestion, the vesicles are
dissolved and the drug is transferred to target tissues through the
macrophages. For this reason, the immune response of the human body is
exploited. Long circulating immunoliposomes are able to recognize and
blind target cells with great specificity, especially for anti-cancer therapy
(Benech et al., 2002).

Long-Circulating liposomes can be prepared by coating their surface with
PolyEthylene Glycol (PEG). This modification can be obtained by absorbing
the polymer physically on the surface of liposomes or by chemical reaction
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between lipids and polymer fragments. The presence of PEG filaments can
improve drug distribution in target tissues. PEG also avoids vesicles
attraction (Van Der Waals forces) and aggregation phenomena, thus
improving their stability (Immordino et al., 2006). Another important
characteristic of the PEG link to liposomes is their improved half-life,
resulting in longer circulating times in humans. Long circulating vesicles can
detect occult inflammations, demonstrating a high potential for all the
alternative drug delivery systems (Crommelin et al., 1999).

1.7.Methods of production

There was a global welcome of liposomes as drug carriers for medical
and nutraceutical applications, but they joined the market with many
difficulties, linked to the low encapsulation efficiencies of compounds, low
reproducibility and high cost of production and scale up. These were the
main problems of the conventional methods developed from 1965 up to
2000. Especially for pharmaceutical and clinical uses, an appropriate
formulation of liposomes should follow very strict production criteria
depending on the size, zeta potential, morphology and stability. For example,
it was discovered that liposomes smaller than 70 nm are taken up by liver
parenchymal cells, whereas vesicles larger than 300 nm tend to accumulate
in the spleen (Liu et al., 1992). Micrometric liposomes have a very limited
bioavailability because they are larger than the cells where they should be
taken up.

Over the last two decades, supercritical assisted methods of production
were proposed to overcome the problems found in the conventional methods,
such as the entrapment efficiency, reproducibility, reduction of the solvent
residue and mean dimensions of the vesicles. Nonetheless, the control of
particle size distribution particularly at nanometric level was still a
challenge.

Conventional and supercritical assisted methods are described in detail in
the following paragraphs, including their advantage and disadvantages.

1.7.1 Conventional methods

Liposomes can be prepared from several kinds of phospholipids, using
them singularly or with lipidic mixtures, with the eventual addition of
cholesterol. In particular, phosphatidylcholines are the most often used
because they are amphiphilic molecules characterized by two carbon chains
linked by a glycerol bridge and a hydrophilic polar head. They can be
derived both by natural and synthetic sources. Phosphatidylethanolamine has
a different tendency to form hexagonal micelles, whereas
phosphatidylserines may be responsible for packing irregularities and
instability (Suetsugu et al., 2014a). The mixing of phospholipids can be
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responsible for the permeability of the lipidic double layer, as well as their
lipid chain melting temperature. This means that an increased temperature
may induce drug delivery after lipidic membrane melting (Ulrich, 2002).
The addition of cholesterol is recognized to be responsible for lipid
permeability reduction (Cathcart et al., 2015, Collins and Phillips, 1982).

Conventional techniques for liposomes production generally consist of 4
main steps: drying of lipids from organic solvents, dispersion of the lipids in
an aqueous medium, purification of obtained liposomes and eventual post-
processing steps such as probe or bath sonication or extrusion (Mozafari,
2005a).

1.7.1.1  Thin Film Hydration

Also known as the Bangham method, Thin Layer Hydration (TLH) is
considered the earliest liposomes preparation method; it is also particularly
simple because it can be performed at room temperature and at atmospheric
pressure. According to the Thin Layer Hydration method, lipids are first
dissolved into a chloroform solution; the hydrophilic drug is dissolved into
an aqueous bulk. The organic solvent is evaporated at 30 °C for 30 minutes,
under vacuum and a thin lipid layer is formed on the walls of the glass flask.
The lipidic layer is then hydrated using the aqueous solution under gentle
agitation (250 rpm). After 1 hour of agitation, liposomes are formed and
analyzed. The removal of the organic solvent may have a different duration,
depending on the kind of solvent employed. This method produces
liposomes of 10-100 pm, not easily absorbable by human cells; for this
reason, this method is generally coupled with sonication to obtain smaller
mean dimensions. The encapsulation efficiencies are as low as 20-30 % and
the shape of the liposomes produced is not in all cases spherical; an
ellipsoidal shape and sphericity can be calculated observing vesicles
populations obtained with conventional methods (Imura et al., 2003b).
Despite all these limitations, this method is still one of the most widely used
(Lesoin et al., 2011a).

1.7.1.2 Ethanol Injection method

The ethanol (or ether) injection method involves the dissolution of the
lipid into an organic phase, followed by the drop wise injection of the lipid
solution into an aqueous media (Santo et al., 2015). A fine needle is used to
inject the lipidic solution into the water bulk containing a hydrophilic drug.
This method is very simple because it works in the absence of pressure, but
high solvent residue is present in the final suspension, and the removal of
ethanol is difficult since it forms an azeotropic mixture in direct contact with
water (Meure et al., 2008). Moreover, the evaporation step risks damaging
the vesicle structure and alter their dimensions. For this reason, the
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population of the liposomes produced is generally heterogeneous and its
particle size distribution is difficult to control. Encapsulation efficiencies are
lower than 20 % for hydrophilic compounds and around 60 % for lipophilic
molecules (Jaafar-Maalej et al., 2010).

1.7.1.3 Emulsion method

There are several versions of the emulsion method. One of these, implies
that phospholipids are dissolved into an organic solvent and mixed with a
solution to form a water in oil emulsion. The mixture is then added to
another water solution to form a double emulsion w/o/w (Nii and Ishii,
2005b). The organic solvent is then evaporated, generating liposomal
aqueous suspension. This method does not work continuously, and the
production volumes are limited (10, 20 and 150 mL for water, oil and water
solutions respectively). Micrometric and multivesicular liposomes are
obtained this way. Large amounts of organic solvent need to be eliminated.

1.7.1.4 Reverse phase Evaporation Vesicles (REV)

This technique is based on the formation of water droplets surrounded by
lipids and dispersed in an organic solvent to form a Water in Oil (W/O)
emulsion. Since phospholipids behave as surfactants, they rearrange at the
interface between oil and water, creating inverted micelles. Then, the solvent
is eliminated slowly and the micelles are converted into a gel form. The gel
state collapses and the excess of phospholipids in the environment creates a
second layer of lipids around the first inverted one. The formation of a
complete bilayer around the residual micelles results in the formation of
liposomes. Among the disadvantages of this technique, there is the long-
lasting contact between the drug and organic solvent, that can lead to drug
denaturation in case of fragile compounds such as proteins and peptides. An
encapsulation efficiency variable from 30 to 65% is obtained from this
technique (Szoka and Papahadjopoulos, 1978).

1.7.1.5 Freeze drying

This method consists of the homogeneous formation of a dispersion of
lipids in water soluble carrier materials. The first step is the dissolution of
the lipids in tert-butyl alcohol and water-sucrose to form an isotropic
monophase solution and then the freeze dying of the solution. Freeze drying
is characterized by two main steps; first, the sample is freezed at -40 °C for a
time of 8 hour, followed by a second longer time of drying at room
temperature. Upon adding water, the lyophilized system spontaneously form
lipidic spherical vesicles (Li and Deng, 2004). The presence of sucrose can
prevent the formation of aggregated minidomains during the drying steps.
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The mean dimensions of the liposomes are between 100 and 300 nm.
Encapsulation efficiency is between 40 and 60 %, but the storage stability is
no more than 60 days (Yang et al., 2013).

1.7.1.6 Microfluidic channel method

This method consists of the development of a rigid silicon support in
which microfluidic channels of 100 pm in depth have been previously
designed and printed (Jahn et al., 2007), with a tendency to fuse and
aggregate, and low stability. The cost of the production of the micro-circuit
is higher than other conventional methods. A lipidic solution is injected into
the central feeding channel, whereas aqueous solutions are fed from side
channels, that intersect the central channel at the center of the support. In the
outer channels, liposomes are created. Monodisperse suspensions of
liposomes are obtained optimizing water to the lipid ratio. Nanometric
liposomes are obtained, and a decrease of liposome diameter is obtained by
increasing the flow rate feeding ratio. This method risks containing high
levels of solvent residue in the final liposomes suspensions. This method has
also been used to entrap bacteriophage agents into liposomes (Leung et al.,
2018), with encapsulation efficiencies up to 50%.

1.7.1.7 Heating method

The heating method (Mozafari et al., 2002) is very simple regarding the
production of liposomes. It does not involve the use of organic solvents.
Phospholipids are added to an aqueous solution together with 3% v/v
glycerol and the temperature of the batch is increased up to 120 °C. Glycerol
is water soluble and is an isotonic agent able to increase the stability of lipid
vesicles, preventing any coagulation and agglomeration phenomena. Lipids
are not subject to high temperature degradation with this technique.
Moreover, the sterilization step is not needed. The liposomes produced have
nanometric dimensions, a long-term stability (12 — 14 months) but quite low
encapsulation efficiencies (12 — 54 %) (Colas et al., 2007).

1.7.1.8 Hollow fiber membrane contactor

Membrane contactors have already been applied to the preparation of
emulsions, precipitates, polymeric and lipid particles. For the preparation of
liposomes, the principle of the membrane contactor is used with a hollow
fiber module (Laouini et al., 2011). An aqueous medium in which a drug has
been dissolved is pumped in a hollow fiber module. The organic phase
containing lipids is set in a pressurized vessel (1.8 — 5 bar) with nitrogen.
Bubbling in the vessel, nitrogen transports the lipidic solution to the hollow
fiber; lipids permeate through a membrane directly into the aqueous phase
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and liposomes are spontaneously obtained. The process works at room
temperature in batch mode and the feeding tanks need to be refilled at the
end of the experiments. Moreover, at the end of the production, the hollow
fiber module needs to be regenerated and washed with a water/ethanol
solution.

1.7.2 Supercritical assisted methods

After the diffusion of the concept of green chemistry in the early 1990s,
the interest in supercritical fluids grew exponentially (Zhong and Dai, 2011).
With the development of high technology disciplines and biotechnology,
academics transferred their newest knowledge to industrial enterprises for
the development of novel methods of production on large scale. These
methods have been proposed taking the advantage of an enhanced mass
transfer coefficient of supercritical fluids. This was obtained working at high
pressures, involving an increasing level of risks and cost, especially in the
aim of scaling up from laboratory to industrial level.

1.7.2.1 Depressurization of an Expanded solution into an aqueous
medium (DESAM)

According to this method, (Meure et al., 2009) lipids are dissolved in
ethanol. Then, working at a pressure of 35-55 bar, the solution is expanded
into carbon dioxide and injected into a water bath in a vessel and left
bubbling for at least 1 hour. Working during this time at the temperature of
about 75 °C, part of the ethanol is evaporated. A hydrophilic compound can
be previously dissolved in water and receives the expanded liquid containing
the lipids. Lipids transported by bubbles and water containing drug are in
contact and produce liposomes. The ethanol content is reduced to 2.2 % v/v,
that is still too high to guarantee safety and biocompatibility of the drug
carrier. The nanometric dimensions of the liposomes are obtained with a
good stability over a period of 8 months. The main problem of this method is
related to the low encapsulation efficiency of hydrophilic drugs, that is about
30 %. This means that most of the drug dissolved in the water solution
remains in the external bulk, resulting in huge wastes of drug and high
production costs.

1.7.2.2 Supercritical fluid method

This system is characterized by two parts: the high-pressure part is used
to dissolve lipids and cholesterol in supercritical carbon dioxide at the
pressure of 250 bar; whereas, in the low-pressure part, the homogeneous
supercritical solution is expanded with the addition of 7 % v/v ethanol at the
temperature of 60 °C. The expanded liquid is then mixed with (Frederiksen
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et al., 1997) a water phase to obtain liposomes encapsulating a water soluble
compound. Only 3 % of the vesicles are subjected to degradation and the
mean diameter is about 200 nm, whereas the particle size distribution is
generally bimodal. The encapsulation efficiency of the hydrophilic
compounds is particularly low (15 %). The total amount of ethanol content is
15 times lower than the ethanol injection method.

1.7.2.3 Supercritical Anti-Solvent method

The organic solvent containing phospholipids is spayed continuously in
the supercritical CO,, that act as an anti-solvent. The dissolution of
supercritical carbon dioxide in the liquid phase and the subsequent
evaporation of the organic solve leads to the precipitation of the lipidic
particles. A washing step with pure carbon dioxide is performed to remove
any excess organic solvent. Finally, these particles are hydrated in an
aqueous buffer to obtain liposomes (Lesoin et al., 2011c). SAS is a green
process that is able to produce nanometric or micrometric liposomes,
depending on the kind of application needed. The encapsulation efficiency is
similar to the thin layer hydration method, but the sphericity of the lipidic
particles is highly improved. The particles size distribution is more
controlled and repeatable; the liposomes are also more stable.

1.7.2.4 Rapid Expansion of a Supercritical Solution (RESS)

According to this method, lipids are dissolved in supercritical carbon
dioxide; generally, 5-10 % v/v ethanol is added to favor the dissolution
phenomena. The solution is then released through a small orifice and mixed
with an aqueous solution containing the drug. A rapid depressurization
follows; the pressure drop results in the desolvation of the lipids forming
layers around the droplets (Imura et al., 2003a). However, this method has
some problems such as the difficult separation between the lipid particles
and co-solvent during depressurization. Even if the mean diameters of the
liposomes are included between 130 and 190 nm and the particle size
distributions are monodispersed, the encapsulation efficiencies are still a
challenge.

1.7.2.5 SuperCritical fluid Reverse Phase Evaporation (SCRPE)

This technique is similar to the conventional Reverse phase Evaporation
Vesicles; the techniques differs in the use of supercritical carbon dioxide in
substitution of the organic solvent (Otake et al., 2001). Lipids are put in
contact with SC-CO; in a view cell in batch mode, reaching the temperature
of 60 °C and the pressure in a range of 12-30 bar. After reaching the
equilibrium of the system, an aqueous solution including glucose is slowly
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inserted into the vessel with a precision pump and large unilamellar lipidic
vesicles are obtained. Working under these conditions, the liposomes
produced have a mean diameter between 200 and 1200 nm; whereas,
decreasing the lipid concentration, the mean diameter decreases to 100-250
nm. The average encapsulation efficiency is 10 %. A lower depressurization
rate could be used to obtain higher encapsulation efficiencies but also higher
mean dimensions (Otake et al., 2006).

1.7.2.6 Particles from gas saturated solution (PGSS)

This method consists of dissolving a bioactive compound in an organic
solvent; then, supercritical carbon dioxide is introduced into the solution.
After saturation is reached, this solution is sprayed through a nozzle into a
high-pressure vessel. Liposomes are formed and a rapid depressurization of
carbon dioxide eliminates the solvent, leaving supercritical conditions (M. J.
Cocero et al., 2009, de Paz et al., 2012). The saturation temperature is 100-
130 °C at the pressure of 80-100 bar; the liposomes produced have a mean
diameter of 1-5 um and the encapsulation efficiency is about 60 %.
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1.8 Comparison among liposome methods of production

A comparison of the operating conditions, the number of steps of
production, average mean diameters produced, average encapsulation
efficiency, stability of the vesicles over fixed times of observation and
solvent residue have been summarized. The characteristics of conventional
and dense gas techniques have been summarized in Table L.1.
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Table 1.1 Summary of liposomes production methods compared with
SuperLip technology

Average

Method Oper.a.t g steps Mean EncaP §ulatlon Stability SO].V er
conditions . efficiency Residue
diameter
Bangham 2025°C, 5 10-100 10-20 % low high
1 bar um
Ethanol 40-60 °C, One- 100-300 40000
o 16 % -
injection 1 bar shot nm ppm
Emulsion 20-25 °C, ) o )
method 1 bar 2 variable 50 % - high
Hrﬁur‘ilvgrﬁger 1.85bar, , 110230 93 2-3
embrane — ,4 55 o nm ’ months
contactor
Reverse o
Phase 20-25°C, 2 variable 30-65% - high
. 1 bar
Evaporation
Heating 20.25°C, One- 200-300 o 12-14
method 120°C  shot nm 12-54 % months "0
Freeze -40 to
drying 25°C, 1 s ts S 10?1;13100 44-62 % m0121 ths -—-
method bar P
Microfluidic  25°C,1 One- 100-200 o .
channel bar shot nm 20 % o high
Supercritical
Reverse 60 °C, 12- One- 100- 10 % . .
Phase 30bar  shot 1200 nm °
evaporation
RESS ST T4, 130150 low low
bar nm
25-55 bar, o 8 2.2 %
DESAM 75 oC 2 200 nm 29 % months Vv
1/15 of
Sup.Flu 250 bar, One- o
method 60°C  shot 20Unm 15% - cthanol
1njection
90-130 2 0.1-100 o
SAS method bar, 35 °C  steps um 20 % - low
100-130
PGSS °C, 80- 2 1-5 um 60 % - low
100 bar
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Chapter II

Considering the papers reported in current literature, it appears that
additional work is required to improve the technologies based on
supercritical fluids and, generally speaking, to produce liposomes. These
kinds of processes still have limitations related to the control of liposomes
dimension and size distribution, especially at nanometric scale, batch or
semi-continuous layout and also show very low encapsulation efficiencies.
For these reasons, the MAJOR SCOPE of this PhD thesis is to develop and
optimize a new continuous supercritical CO, based process, so as to produce
liposomes to be used mainly in pharmaceutical and biomedical field. In
order to overcome the major drawbacks of the other preparation methods, it
is necessary to change the order of the process steps involved in liposomes
production. Differently from the previously proposed processes, the idea at
the basis of this new process is to first produce water-based droplets and,
then, form liposomes around them. To obtain this result, it was decided to
atomize water directly in a near supercritical solution in which phospholipids
are dissolved.

The key process of SuperLip (Supercritical assisted Liposome formation)
consists of the creation of water droplet containing the drug, followed by a
fast surrounding of a double layer of phospholipids. The main steps of the
SuperLip process are presented in Figure IL.1.
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Figure I1.1 A scheme of SuperLip mechanisms involved in the formation of
liposomes
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As described in the figure, water droplets are atomized in a high pressure
formation vessel (1); whereas, an expanded liquid of ethanol and carbon
dioxide transports phospholipids to the formation vessel (2). Subsequently, a
first layer of lipids surrounds the water droplets, creating inverted micelles
(3); then, a second layer of lipids is created around the micelles (4). A
diagram of the proposed phenomena is reported in Figure I1.2.
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Figure I1.2. Mechanisms hypothesized for the SuperLip process

Some preliminary tests were successfully performed, confirming the high
potential of this technique at a micrometric dimension (Santo et al., 2014).
Feasibility tests revealed that the spontaneous organization of liposomes in
the high-pressure vessel is fast enough to allow for the formation of
micrometric/sub-micrometric liposomes. The first experimental evidence
obtained also seems to indicate that the mechanism of liposomes formation
is related to favourable interactions between the expanded liquid
phospholipid mixture and the water droplets: water-based droplets are
rapidly surrounded by a layer of the lipids dissolved in the expanded liquid
and a water in CO, emulsion is formed. The obtained liposomes maintain a
diameter similar to the original droplets produced during the atomization
step. High water soluble drug entrapments are confirmed by the measured
encapsulation efficiencies, around 80%.
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Therefore, the aim of this thesis is to orientate this proof of concept
towards a process applicable on large scale. Intense research is required to
reach this ambitious goal.

The effect of several process parameters will be studied such as water
flow rate, injector diameter, pressure and the Gas to Liquid Ratio of the
Expanded Liquid (GLR-EL), i.e. the mass ratio of the carbon dioxide and
ethanol flow rate. The composition of liposomes will be varied, changing the
phospholipid concentration and adding other lipids in the double lipidic layer
such as cholesterol.

Several liposome-based product formulations will be developed,
according to the operating parameters previously optimized. Antibiotics for
ocular delivery, proteins and markers for molecule labeling will be entrapped
into liposomes for pharmaceutical purposes. Then, cosmetic applications
will be explored, encapsulating antioxidant compounds of a hydrophilic and
amphiphilic nature. Amphoteric compounds will be entrapped either in the
inner core, or in the lipidic layer of liposomes so as to study the differences
in the antioxidant inhibition power, depending on the vesicles compartment
of encapsulation. Dietary supplements will be also entrapped for food
applications, in order to valorize the by-products that generally are discarded
from the agro-alimentary field. A novel textile application will be also
proposed for the deposition of dye on leather fragments. In vitro studies will
be also performed with antibiotic loaded liposomes against E.Coli.

An economic and financial analysis on the SuperLip technique will be
performed. SuperLip has a Technology Readiness Level (TRL) of 6/7, since
it has been designed in a continuous lab-scale configuration and it is possible
to scale it up to industrial level. The SuperLip method can produce about 5
liters of liquid liposomes suspensions per day, working at lab-scale. The idea
at the basis of the process has already been validated by product
development and samples characterization, as reported in our published
works. The potential applications of SuperLip has always been recognized
by external customers, interested in the production of liposomes on demand.
A business plan for the commercialization of SuperLip products will be
attempted to verify whether the production of liposomes with this technique
could be profitable in the markets. A B2B model and an estimation of
CAPEX and OPEX will be performed to produce a 5-years (2018-2022)
prospective for commercialization.
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Note: in this chapter a full description of the process layout has been
provided, as well as the methods and the materials involved in the SuperLip
process. However, the experimental protocol is confidential and protected by

industrial secrets.
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III.1  Apparatus

Liposomes were prepared using the SuperLip technology. The apparatus
consists of three different feeding lines for the delivery of CO,, water and
ethanol-phospholipids solution respectively.

CQO; is taken from a reservoir (1) and delivered to the homogenizer using
a membrane pump (Lewa Eco model LDC-M-2, Germany). The ethanolic
solution and the water phase are pumped using two different precision
pumps (Gilson model 305, France).

The ethanol solution and CO, are continuously fed to the stainless steel
homogenizer (Swagelok, 150 cm3, Pmax 5000 psig, USA) forming an
expanded liquid. The mixing of the two components occurs at a fixed Gas to
Liquid Ratio of the Expanded Liquid (GLR-EL).

The homogenizer (2) is heated using band heaters (Watlow Thinband,
240 V, 140 W, Italy) and contains stainless steel packings (Sigma Aldrich,
ProPak, 1889 m™' specific surface, 0.94 void degree, Italy). The packing
elements allow for an intimate mixing among the ethanol solution and CO,,
producing the expanded liquid, that is, then, delivered to the precipitation
vessel. In the same vessel, water (or a water solution in the case of loaded
liposomes) is atomized through a nozzle with a 80 um internal diameter. The
atomization and the delivery of the expanded liquid is co-currently
performed.

The precipitation vessel (3) is a high-pressure stainless steel cylinder,
with an internal volume of 1600 cm’. It is thermally heated using heating
bands (Watlow, Thinband 240 V, 800 W, Italy).

At the exit of the precipitation vessel, a smaller stainless steel cylinder (4)
(Compliant Sample Cylinder, % in, FNPT, internal volume 150 c¢cm’, 5000
psig, 344 bar) is used to allow for the accumulation and homogenization of
the suspension produced during the experiment. The suspension is collected
at fixed time intervals using an on-off valve.

A separator (5) is located downstream the precipitation vessel and is used
to recover CO, and ethanol after depressurization. The separator is a
stainless steel vessel with a 330 cm’ internal volume, in which the pressure is
regulated using a backpressure valve (model 26-1723-44, Tescom, Italy). A
micrometric valve is also located on the CO, vent line for a fine regulation of
the pressure in the precipitation vessel. A rotameter and a dry test meter are
used to measure the CO, flow rate.

A first scheme of the SuperLip apparatus is shown in Figure I1I.1.
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Carbon Dioxide Ethanol + Lipids
Carbon
Homogenizer Water + Drug dioxide
EL Separation .
I Separator
High pressure
formation vessel Ethanol

Accumulation
Element

Liposomes collection

Figure II1.1 SuperLip process layout scheme

In summary, the SuperLip apparatus consists of four main steps:
Homogenizer (Figure II1.2): in this part of the plant the formation of the

expanded liquid, characterized by the system ethanol-CO,—phospholipids,
takes place. Then, the expanded liquid is fed to the precipitation vessel.
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Figure I11.2. Homogenizer element

High pressure formation vessel (Figure IIL.3): in this part of the
apparatus the droplets come into contact with the expanded liquid formed in
the homogenizer.

Figure I11.3. High pressure formation vessel

Atomization: a nozzle (Figure IIl.4) located at the top of the
precipitation vessel allows for the formation of water droplets.
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Figure II1.4. Injector for water atomization from macroscopic (a) and
microscopic (b) observation

Suspension recovery: the produced suspension is withdrawn at fixed time
intervals from an accumulation element (Figure IIL.S5).

Figure I1L.5. Accumulation element

Separator (Figure IIL.6): the solvent, used for the expanded liquid
formation, is recovered after depressurization.
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Figure I11.6. Separator

Finally, a photograph of the SuperLip apparatus is presented in Figure
I11.7.

Figure I11.7. SuperLip apparatus
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In Table IIL.1 the construction properties of the SuperLip elements are
summarized.

Table II1.1 SuperLip main plant units

. Internal Diameter Height Internal volume

Unit 3

[cm] [cm] [em’]
Homogenizer 4.5 17.5 150
Formation 9 25 1600

vessel

Separator 6.5 10 330
Accumulation 4.5 17.5 150

II1.2. Materials

L-a-Phosphatidylcholine (PC) from egg yolk (99 % pure) was purchased
from Sigma-Aldrich, Milan, Italy. The hydrophilic, amphoteric and
lipophilic compounds presented in this work were all bought from Sigma
Aldrich, Milan, Italy. The lipids were stocked in absence of light at the
temperature of -20 °C before the experiments.

Phospholipids were dissolved in ethanol bought from Sigma-Aldrich,
Milan, Italy (> 99.8% pure). Carbon dioxide was provided by Morlando
Group, Naples, Italy (> 99.4% pure, at gas-liquid equilibrium). Distilled
water was self-produced through a lab-scale distillator.

For the antioxidant activity, Folin & Ciocalteu’s phenol was purchased
from Sigma Aldrich (Milan, Italy).

Regarding olive pomace extract, anti-bodies and E.Coli, they were given
by the Department of Civil, Chemical and Environmental (DICCA)
Engineering of the University of Genoa, Italy.

Antibodies Mouse IgG Isotype Control (Catalog Number 02-6502) were
used for liposomes entrapment in the inner core. The antibody was provided
in liquid PBS form at the concentration of 2.5 mL/min in a purified form.

All the materials and reagents were used as received.

II1.3. Methods

The morphology of the produced liposomes was studied using a Field
Emission-Scanning Electron Microscope (FESEM mod. LEO 1525; Carl
Zeiss SMT AG, Oberkochen, Germany). The samples were prepared
spreading a drop of liposome suspension over an adhesive carbon tab placed
on an aluminum stub. The drop was left to dry at air over-night. The sample
was, then, covered with gold, using a sputter coater (thickness 250 A, model
B7341; Agar Scientific, Stansted, UK).
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A dynamic laser scattering (DLS) instrument (mod. Zetasizer Nano S,
Worcestershire, UK) was used to measure the particle size distribution
(PSD), mean diameter (MD), standard deviation (SD), and zeta potential of
the liposomes. The suspension was analyzed as produced, without any
dilution step or addition of stabilizing agents. Three measurements of the
same sample were performed for all the produced suspensions.

Nanoparticle tracking analysis (NTA) was also used to provide
complementary information about the liposome size distribution. In
particular, this technique, thanks to the possibility of the on-line monitoring
of liposomes in suspension, provides information about liposome
concentration in the sample. A laser beam is used to irradiate the sample.
The particles in suspension scatter the light and can be visualized via a long
working distance microscope onto which a video camera is mounted. The
camera captures a video file of the particles moving under Brownian motion.
In this way, the Nanoparticle Tracking Analysis (NTA) software tracks
many particles individually, providing an evaluation of the concentration of
the sample.

The NTA measurements were performed using a NanoSight LM20
(NanoSight, Amesbury, UK), equipped with a sample vessel and a 640-nm
laser. The samples were injected into the vessel using sterile syringes (BD
Discardit II, New Jersey, USA) until the liquid reached the tip of the nozzle.
All the measurements were performed at room temperature. The data were
analyzed using NTA 2.0 Build 127 software. The samples were measured for
40 s with manual shutter and gain adjustments. Three measurements of the
same sample were performed for all the produced suspensions.

To determine encapsulation efficiency, the procedure of evaluation of
the drug leakage was adopted, as reported in current literature (Nii and Ishii,
2005a). The liposome suspension was centrifuged at 6500 rpm for 45
minutes at 4 °C. Then, the concentration of the drug in the water supernatant
was analyzed using UV-Vis spectroscopy, at the wave length of 515 nm. The
encapsulation efficiency (EE) was calculated as the complement to 100% of
the percentage of drug present in the supernatant. Each encapsulation
efficiency test was repeated in triplicates, and the results are the mean over 3
different measurements.

Several hydrophilic, amphoteric and lipophilic compounds were
entrapped into liposomes and their encapsulation efficiencies were obtained
with UV-Vis spectrophotometer. In Table I1L.2 a list of this compounds with
their absorbance peak is reported.
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Table I1L.2 List of the entrapped compounds whose encapsulation efficiency
was detected using Uv-Vis spectrophotometer

Peak of UV-Vis absorbance

Compound [nm]
Fluorescein 515
Red Aniline 500
Bovine Serum Albumin 280
Albumin fluorescein isothiocyanate 280; 515
Ofloxacin 290
Theophylline 275
Ampicillin 225
Amoxicillin 280
Vancomycin 230
Eugenol 280
Linalool 220
a-lipoic acid 325
Limonene 270
Farnesol 260

The antioxidant activity of extracts entrapped into liposomes was
measured in terms of hydrogen-donating or radical-scavenging ability by
means of the radical 2,2-diphenyl-1-picrylhydrazyl (DPPHe). In detail,
0.0197 g of DPPH were dissolved in 500 mL of ethanol to obtain a 10-4 M
DPPH in ethanol solution. 0.01 g of the antioxidant compound was dissolved
in 1000 mL pure water to obtain a 100 ppm concentration. From this
solution, 4 diluted solutions were obtained (50, 20, 10 and 5 ppm). 1 mL of
each diluted sample was mixed with 3 mL of DPPH in ethanol solution.

The mixed solutions were stored in glass vials for 30 minutes and
incubated in the dark. Then, a micro-volume UV-Vis spectrophotometer as
described above was used to measure the absorbance of the solutions at the
wavelength of 517 nm (Brandwilliams et al., 1995). The absorbance at 517
nm of DPPH in ethanol was also measured. A reference sample was
prepared with 1 mL of pure water mixed with 3 mL of pure ethanol.
Liposomes suspensions were ultra-centrifuged at 13000 rpm for 50 min at -4
°C and the pellet was separated from the supernatant. The pellet was then
dissolved in ethanol and the DPPH method was applied. The DPPH
inhibition percentage was calculated according to eq. (4):
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_ Aq

0, — -
Inhibition [%] = 100 * (1 Ab> @)
where A, is the absorbance at 517 nm of the sample treated with DPPH in
ethanol solution, and Ab is the control absorbance at 517 nm of DPPH in
ethanol. The inhibition percentage obtained in this way was compared to the
one of pure unprocessed samples percentage, to calculate the decrease of the

DPPH inhibition capacity between the unprocessed and processed samples.

Transmission electron microscopy, TEM, (JEOL 1400, 100 kV
accelerating voltage) was used with negative staining to investigate the
morphology and size of the liposomes produced. For the preparation of the
samples, a droplet of liposome suspension was placed on a copper grid and
allowed to sit for 60 s. The droplet was then dried with filter paper. A droplet
of staining agent was subsequently placed on top of the grid and left reacting
for 30 s, the excess was then removed with filter paper.

Theophylline drug release test at 37 °C were studied using a UV-Vis
spectrophotometer. The drug profiles were determined in 80 mL of distilled
water continuously stirred at 100 rpm. For each study, 5 mL of theophylline
loaded liposome suspension were charged in a dialysis sack (MWCO 3500
Da, Sigma Aldrich, Milan, Italy). Every 30 minutes, the absorbance of
theophylline in the aqueous external bulk was measured, drug release tests
were performed in triplicates and the curves proposed in the results are the
mean profile obtained.

The amount of Chol entrapped in the lipidic double layer was measured
with Gas Chromatography (GC) assay (GC-FID, mod. 6890 Agilent
Series, Agilent Technologies Inc), according to the method reported in
current literature (Lozada-Castro and Santos-Delgado, 2016). For the
preparation of the samples, a defined volume of liposome suspension was
centrifuged for 50 min at -4 °C, then the pellet was re-suspended in 3 mL of
hexane and gently agitated for 30 min. Finally, 2 pL of this solution were
used for GC analysis.

Leather fragments were characterized by Energy-Dispersive X-ray
spectroscopy (EDX) microanalysis. An elemental analysis and element
mapping were performed using the FE-SEM equipped with an Energy
Dispersive X-ray spectroscopy (EDX-INCA Energy 350, Oxford
Instruments, Witney, United Kingdom).

Color measurements were carried out on a leather fragment surface
using a colorimeter CIE-Lab (Chroma Meter II Reflectance CR-300,
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Minolta, Japan), equipped with a CIE standard D65 illuminant. Color
redness a* values were recorded and compared in the Results section.

Solvent residue was measured using a head space sampler (mod. 50
Scan; Hewlett & Packard, Palo Alto, California) coupled with a Gas
Chromatograph interfaced with a Flame Ionization Detector (GC-FID; mod.
6890 Agilent Series; Agilent Technologies Inc., Wilmington, Delaware).
Ethanol was separated using a fused-silica capillary column of 50 m in
length, with a 0.25 mm internal diameter and 0.40 pm film thickness (mod.
DB-WAX; Agilent, United States). The GC oven temperature was set at 40
°C and maintained constant for 8 min. The injector was maintained at 180 °C
(split mode, ratio 1:1) and helium was used as the carrier gas at a flow rate of
1 mL/min. The head space conditions were: equilibration time of 60 min at
the temperature of 100 °C, pressurization time of 2 min and loop fill time of
1 min. The analyses were performed on each sample in triplicates.

Water in Oil (W/O) emulsions preparation procedure: emulsions were
prepared following this standard procedure: the water phase was obtained
dissolving 0.18 g of surfactant Tween 80 in 90 mL distilled water and the
solution was stirred with a magnetic stirrer at 250 rpm for 30 min at room
temperature. The oil phase was prepared dissolving 5 %, 10 % and 15 %
w/w of the chosen antioxidants (on lipid mass base) in 10 g isopropyl
myristate and the solution was agitated under the same conditions. Then, the
Oil phase was gently added to the Water phase and agitated using an
emulsifier (mod. L4RT, Silverstone, USA), working at 7000 rpm for 6 min.
The obtained emulsion was finally fed to the SuperLip apparatus and
atomized directly in the formation vessel.

Fourier transform infrared (FT-IR) spectra were obtained via M2000
FTIR (MIDAC Co, Costa Mesa, CA), at a resolution of 0.5 cm—1. The scan
wave number range was 4000400 cm—1, and 16 scan signals were averaged
to reduce the noise. The solution spectra were collected using a 5.4 m path
length liquid cell with CaF2 windows.

To evaluate the growth of Escherichia coli, bacteria were inoculated in
liquid medium in the presence of different concentrations of nanoliposomes.
To allow for the growth of this microorganism Luria-Bertani medium (10
g/L of triptone, 10 g/L of sodium chloride, and 5 g/L. of yeast extract) was
used (Sezonov et al., 2007). Before using the medium, it was sterilized by
autoclaving at 121°C for 20 minutes. In order to have a sterile suspension of
the liposomes, they were filtered by 0.22 um filters. E.Coli was grown at 37
+ 1°C (incubator VWR, Radnor, PA, USA). To obtain the growing curves,
the optical density (O.D.) of the samples, after opportune dilution, was read
at 600 nm (spectrophotometer Genova, Jenway, Staffordshire, UK). The
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control samples were represented by microorganisms grown in the presence
of empty liposomes. The O.D. of the samples were registered after 1, 2, 4, 5,
18, 26 e 48 after the inoculum.
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IV.1 Effect of Pressure on empty liposomes

In this first set of experiments, empty liposomes were produced in order to
study the effect of pressure variation on liposome mean size. The
temperature in the vessel and mixer was set at 40 °C, with the vessel and
mixer pressure being set at 100, 150 or 175 bar. The nozzle used for
atomization had an 80 pum internal diameter and the water flow rate was set
at 10 mL/min. The Gas to Liquid Ratio (GLR w/w) in the mixer was fixed at
2.42 using a carbon dioxide flow rate of 6.5 g/min and an ethanol flow rate
of 3.5 mL/min. The PC concentration in the ethanol solution was fixed at 5
mg/mL.

The liposomes mean diameter varied between 289 + 50 nm to 184 * 20 nm
when the pressure was increased from 100 and 175 bar. Increasing the
pressure, a smaller mean size and standard deviation were obtained. The
effect of pressure on liposome mean size can be explained considering that,
increasing the pressure, an increase of CO, density and, consequently, of
expanded liquid mixture density is obtained, that favors the atomization of
the water injected into the high pressure vessel (Platzer and Maurer, 1989).
Another explanation is that at higher pressure a higher amount of water is
dissolved in the formation vessel in which the mixture CO2/Ethanol is
injected. Therefore, at higher pressure, the droplets loose a higher amount of
water to their environment, which also causes the formation of smaller
droplets.

The generation of smaller water droplets could lead to the formation of
liposomes with a smaller diameter.

IV.2 A case study: the encapsulation of fluorescein

Fluorescent dyes are widely used as encapsulated agents in liposome-
based biosensors for signal amplification, to realize biosensors with
increased sensitivity and lower detection limits (Chu and Wen, 2013). In
particular, fluorescein is a synthetic dye commonly used as a liposome
biosensor based on fluorescence signals (Ligler et al., 1987, Katoh et al.,
1993, Zhou and Li, 2015, Chu and Wen, 2013). Various attempts to
encapsulate fluorescein into liposomes can be found in current literature for
different applications. It has been encapsulated into liposomes as a model
drug (Espirito Santo et al., 2015b) and as a marker to study liposomes
permeation through skin (Coderch et al., 1996, Coderch et al., 2000) or to
detect liposomes in ocular blood flow after administration (Niesman et al.,
1992). However, an efficient production of liposomes encapsulating
fluorescein is still challenging. The results reported in current literature show
fluorescein encapsulation efficiencies lower than 50% (van Elk et al.,
Mahrhauser et al., 2015, Peer and Margalit, 2004, Hwang et al., 1999).

The optimization of the SuperLip operating parameters has to be
performed with the objective of encapsulating fluorescein into liposomes
trying to increase its encapsulation efficiency, while controlling liposome
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dimensions in the sub-micrometric range. The SuperLip process parameters,
such as the diameter of the injector used for water atomization,
phospholipids concentration and fluorescein concentration in the water
solution, have been studied to obtain liposomes of controlled size and
distribution with high fluorescein encapsulation efficiency. The stability
during the time of liposomes loaded with fluorescein was also investigated.

1V.2.1 Effect of injector diameter

The experiments discussed in this part of the thesis were performed at
100 bar and 40 °C. The CO, flow rate was set at 6.5 g/min and ethanol
solution flow rate was set at 3.5 mL/min, to obtain a Gas to Liquid Ratio
(GLR) in the homogenizer of 2.4 (on mass basis). The water solution flow
rate was set at 10 mL/min. Selecting these operating conditions and
assuming that the presence of PC does not modify the high pressure water-
ethanol-CO, ternary equilibrium, the operating point of the experiments in
the ternary diagram of Figure IV.1 (Durling et al., 2007b) is located inside
the miscibility gap. In the two-phase region, the 3 components (ethanol,
carbon dioxide and water) are not completely miscible with each other.
Depending on the position of the operating point, mass transfer of water into
the ethanol/CO,-rich phase and mass transfer of ethanol and CO, into the
water-rich phase can modify the composition of the system.

= 100 bar
v 200 bar

0.00 0.25 0.50 0.75 1.00

CO

2
Figure IV.1. High pressure vapor-liquid equilibria for the system CO,-
ethanol-water at 40 °C in the pressure range 100-200 bar, adapted from
(Durling et al., 2007b). Operating point of the experiments is reported (®) as
a red dot.
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In a first experiment, liposomes encapsulating fluorescein at a loading of
1% (weight of fluorescein/PC, % w/w) were produced. Phospholipids were
dissolved in 100 mL of ethanol at a concentration of 5 mg/mL. Fluorescein
was dissolved in 300 mL of water at a concentration of 0.017 mg/mL, to
obtain a 1% by weight theoretical loading. An injector with the diameter of
80 um was used for the atomization of the water solution in the formation
vessel. The experiment was successful and liposomes with a nanometric
diameter and a sharp PSD were produced. The DLS measured mean
diameter (MD) of the fluorescein loaded liposomes was about 289£50 nm.
This data are summarized in Table I'V.1.

Table IV.1. Mean diameter (MD) and encapsulation efficiency (EE%) of
liposomes loaded with 1% of fluorescein, using injectors with different
diameters and different PC concentrations. Data are not reported for the
experiments that were not possible to perform.

Injector Lipid concentration [mg/mL]
Diameter Data 5 75 0 12 15
[pm]
80 MD = SD (nm) 289+50 28358 305+91 298 +89 -
PDI 0.17 0.20 0.30 0.30 ---
EE% 90 92 90 81 -
60 MD = SD (nm) 260+£48 262+50 267+53 268+69 -
PDI 0.18 0.19 0.20 0.26 -
EE% 61 58 60 56 -
40 MD #SD (nm) 249+ 46 --- --- --- ---
PDI 0.18
EE% 58 --- --- --- ---

A FE-SEM image of the produced liposomes is shown in Figure IV.2;
they are characterized by an irregular spherical shape, with a rough surface.
Furthermore, it is possible to see that their mean diameter seems smaller than
the one measured by DLS (around 200 nm, see reference bar in SEM image).
This result can be attributed to the shrinkage of the vesicles during the
preparation of the sample for electronic microscopy.
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Figure IV.2. FE-SEM image of liposomes loaded with fluorescein at 1%
theoretical loading.

Fluorescein was entrapped successfully in these liposomes, with high
encapsulation efficiency (90%), as reported in Table IV.1. This result
confirms that the water solution sprayed in the formation vessel was
efficiently covered by phospholipids, leading to the formation of fluorescein
loaded liposomes. This result is significantly better when compared to those
obtained for fluorescein encapsulation, reported in current literature
(Frederiksen et al., 1997, Hwang et al., 1999), confirming the high potential
of this process in the encapsulation of hydrophilic compounds.

Considering the success of the first encapsulation test, a systematic study
was performed to understand how the SuperLip operating parameters affect
the drug entrapment in the liposomes. Experiments with larger PC
concentrations were performed and the results are summarized in Table
IV.1. PC concentration was increased from 5 to 15 mg/mL; the other
operating conditions were left unchanged (pressure 100 bar, temperature 40
°C, GLR =2.4). A stable liposome suspension was produced at all the values
of PC concentration, except for the test performed at 15 mg/mL. In this case,
the experiment was unsuccessful due to the blockage of the injector. The
explanation of this result is that this PC concentration caused the deposition
of part of phospholipids on the tip of the injector in the formation vessel,
thus hindering the atomization of water. From the data reported in Table
IV.1 for the other experiments, it is possible to observe that the increase of
the PC concentration in the ethanol solution did not produce a significant
effect on the mean diameter of the liposomes. Increasing the PC
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concentration from 5 mg/mL to 12 mg/mL, the liposome mean diameter,
measured by DLS, slightly increased from 289450 nm to 298+89 nm
respectively; an enlargement of PSD can be noted (see standard deviations).

Considering the encapsulation efficiency, fluorescein was entrapped for
values larger than 80% (measured using a UV-Vis spectrophotometer). This
efficiency remained practically constant when the concentration of PC was
increased from 5 to 10 mg/mL (see Table IV.1). The overall results suggest
that a sufficient amount of lipid for droplets coverage is present in the
formation vessel at 5 mg/mL and, therefore, a further increase to 7.5 and 10
mg/mL did not produce an improvement of EE. The reduction of EE to 81%
is observed at 12 mg/mL, a condition very near to the operability threshold
of 15 mg/mL (injector blockage). Near this condition, the partial blockage of
the injector may cause phenomena of instability of the jet.

Experiments using injectors of 60 and 40 um were then performed. For
each injector, the same set of experiments with different PC concentrations,
from 5 to 15 mg/mL, was performed. The other operating parameters were
kept constant (pressure 100 bar, temperature 40 °C, GLR = 2.4). These
results are summarized in Table IV.1. For the case of 60 um injector, at the
PC concentration of 15 mg/mL the experiment was not successful and the
explanation is the same as in the previous case. Considering PC
concentrations lower than 15 mg/mL, successful production of liposome
suspensions was obtained. The data reported in Table IV.1 show that using
the 60 pm injector, liposomes with a smaller mean diameter, around 260 nm,
were obtained, according to DLS measurements. In this case, the increase of
PC concentration had an effect on the enlargement of the PSD curve,
whereas the MD of the suspension was not significantly affected.

A smaller injector diameter (40 um) was used to confirm the trend
observed until now. Only one experiment was possible using this injector
(see Table IV.1); for values of PC concentration larger than 5 mg/mL the
injector blockage systematically took place. Using this injector, at 5 mg/mL,
liposomes with a mean diameter of 249+46 nm, measured by DLS were
produced (Table IV.1).

It is possible to compare the results obtained at the same PC
concentration (5 mg/mL) using different injector diameters, as reported in
Figure I'V.3. In this figure, it is possible to see a progressive reduction of the
liposome mean diameter when smaller injectors are used. In summary, the
three injectors (80, 60 and 40 um) produced liposomes with different mean
diameters of about 300 nm, 260 and 240 nm, respectively. Furthermore, the
smaller is the injector, the narrower the PSDs are.
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Figure 1V.3. Comparison of PSDs of liposomes produced using different
injector diameters, PC concentration 5 mg/mL.

The results obtained until now confirm that, in this process, the diameter
of liposomes does not depend on the PC concentration but is connected to
the dimension of the injector used for the water solution atomization; i.e., it
influences the diameter of the atomized droplets in the formation vessel. A
reduction of the diameter of the injector can improve the efficiency of the
water atomization, allowing for the generation of a water spray formed by
smaller droplets. It has also to be considered that, generally, when the
turbulence of the spray is increased, as in the case of the reduction of the
injector diameter, a better control of the PSD can also be obtained.

The data reported in Table IV.1, show that the fluorescein encapsulation
efficiency decreases when using smaller injectors. Using the 60 pm injector
fluorescein was entrapped with an efficiency of about 60%. As observed in
the case of the experiments performed using the 80 um injector, at values of
the PC concentrations between 5 and 10 mg/mL, the encapsulation
efficiency was practically constant; a reduction of 56% was obtained for the
value of PC concentration near the threshold. Using the 40 um injector, the
encapsulation efficiency was 58%. These results can be explained
considering that using an injector with smaller diameter (or partially blocked
injector) an increase of the velocity of the liquid jet exiting the nozzle is
obtained; therefore, water droplets, falling along the formation vessel,
impact on the surface of the water bulk at a higher velocity. This
phenomenon may cause the disruption of the lipid layer and can produce a
consequent leakage of the drug content.

A set of experiments with different fluorescein loadings was also
performed; the results are reported in Table IV.2. The operating conditions
for the encapsulation tests were selected considering the previous
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experiments: PC concentration of 5 mg/mL, using the 80 um injector. These
conditions were selected because they allowed for the highest fluorescein
encapsulation efficiency in the previous experiments (92%). Empty PC
liposomes were also produced under the same process conditions, to verify
the effect of the presence of a solute on liposome PSD.

Table 1V.2. SuperLip size distribution data and encapsulation efficiency of
liposomes loaded with 1 % to 9 % w/w by weight of fluorescein

Fluorescein Real

theoretical MD + 5D PDI Loading EE [%]

loading [%] [nm] [%]
0 29162 0.21 --- ---
1 289450 0.17 0.90 90
3 27755 0.20 2.88 96
6 269+51 0.19 5.58 93
9 268+53 0.20 7.83 87

Liposomes produced using different fluorescein theoretical loading were
characterized by a mean diameter of about 280 nm, that was not evidently
affected by the different amount of fluorescein dissolved in the water phase.
The presence of the solute did not produce any valuable effects on liposome
PSD. The possible explanation is that the presence of the solute did not alter
the atomization efficiency. Fluorescein encapsulation efficiency was high in
all cases. Encapsulation efficiencies between 87-96% were obtained upon
increasing the theoretical fluorescein loading from 1 to 9% respectively. This
result is extremely relevant since SuperLip overcomes the drawback of
traditional methods used for liposomes preparation, in which, in most of the
cases, the encapsulation efficiency is negatively affected by an increase of
the theoretical loading (Berger et al., 2001).

1V.2.2 Characterization of liposome suspensions

Liposome suspensions produced by SuperLip, at the optimized operating
conditions (pressure of 100 bar, 80 um injector and 5 mg/mL PC
concentration), were also characterized in terms of liposome stability over
the time and concentration of the liposomes in the final suspension.

Liposome suspensions were stored at 4 °C and PSD measurements were
performed at fixed time intervals for more than 120 days using DLS. The
results obtained are shown in Figure IV.4. The mean diameter of the
fluorescein loaded liposomes remained relatively constant for more than four
months. The liposome zeta potential was always about -20 mV, indicating a
good suspension stability. The general dividing line between stable and
unstable suspensions is generally taken as +30 or -30mV with the particles
having zeta potentials outside of these limits normally considered stable
(Larsson et al., 2012). The value of the zeta potential of the liposomes
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produced in this paper is near the region of stability. The concentration of
fluorescein in the external medium of the suspension was measured during
storage; the data collected confirmed that there were no significant
fluorescein leakages from the liposomes.
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Figure 1V .4 Stability study of fluorescein loaded liposomes

The NTA technique was used to measure the liposome concentration in
the suspension and gain further indications about their diameter. The
particles detected by the laser beam are counted by the NTA, obtaining the
sample concentration in terms of number of particles per mL of suspension.
A typical frame acquired for the sample obtained at 5 mg/mL and with
fluorescein theoretical loading of 1% is proposed in Figure IV.5. The
liposome population is represented by white points in a dark background.
The quantitative data show that the suspension produced is characterized by
a liposome concentration of about 280 million of vesicles per mL of
suspension.

Figure IV.5 Example of frame from NTA analysis of liposome suspensions
produced at a PC concentration of 5 mg/mL and 1% fluorescein theoretical
loading.
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The software can also calculate the liposome hydrodynamic diameters
using the Stokes Einstein equation smoothing the results and eliminating
possible aggregates. NTA measurement can be even more accurate than
DLS. NTA measured PSD of a SuperLip suspension is reported in Figure
IV.4.6b, and a comparison of distribution data of the same sample, obtained
using the DLS technique, is shown in Figure IV.6a. The mean size obtained
by NTA was about 16660 nm. Both techniques show that the suspension is
characterized by a relatively narrow distribution; nevertheless, it is possible
to observe a tail of the DLS size distribution towards larger sizes, that can be
mostly due to the contribution of large particles to the overall scattering
(Filipe et al., 2010). The DLS technique also considers as single particles the
scattering produced by aggregates; therefore, the overall mean diameter
measurement could be modified by the aggregates contribution.
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Figure 1V.6 Comparison of PSD distribution data obtained with DLS as
diameter vs intensity (a) and NTA as diameter vs concentration (b).
SuperLip liposomes produced at 80 um, PC concentration 5 mg/mL.
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Thanks to the accuracy of the NTA measurement, it can be observed that
the liposome size distributions of the suspensions produced by SuperLip are
even narrower with respect to the data obtained using DLS, confirming the
good control of PSD allowed for by this process.

The efficient production of liposomes loaded with fluorescein
characterized by nanometric diameter and narrow PSD was demonstrated
using the SuperLip process. The analysis of the process parameters allowed
to obtain encapsulation efficiencies up to 97%. The diameter of the injector
had a significant effect on the fluorescein encapsulation efficiency. The
smaller the injector used is, the lower the encapsulation efficiency is. The
concentration of phospholipids in the supercritical solution and the
concentration of fluorescein in the aqueous phase did not produce any
significant effects on the fluorescein encapsulation efficiency that remained
constant and very high. The liposomes were stable during storage (4
months), retaining the drug in the inner compartment.

1V.2.3 Lipidic concentration effect

As further proof of the versatility of SuperLip, the effect of lipid
concentration variation was studied: 500 mg, 750 mg and 1000 mg of PC
were dissolved in 100 mL of ethanol to obtain 5, 7.5 and 10 mg/mL lipid
concentration. Two sets of experiments were performed with these lipid
concentrations, first setting water flow rate at 10 mL/min and then at 0.7
mL/min. 1 % w/w fluorescein was also loaded into liposomes in every
experiment. The pressure was set at 100 bar. Mean diameters, PDI and
Encapsulation Efficiencies are reported in Table I'V.3.

Table IV.3 MD, PDI and EE of liposomes loaded with 1% w/w of

fluorescein

Water —y 2id Conc MD [nm] EE

Flow rate ’ PC/H,0O - PDI o
[mL/min] ™&mLI SD [%]
10 5 2 2044+388 038 875
mL/min 75 3 188.7+37.7 040 765
10 4 1603+32.1 040  87.9
0.7 5 25 4765+1277 054  96.4
mL/min 75 38 4483+1325 059  99.9
10 50 912.3+329.8 072  99.4

By increasing the PC mass used to prepare the samples, a slight decrease
of the mean diameters was observed. The sample prepared with 5 mg/mL of
PC had a diameter of 204.4 *+ 38.8 nm while the sample with maximum lipid
concentration had a mean diameter of 160.3 + 32.1 nm. The measured EE
was between 76.5 and 87.9 % without a significant trend, since it was not
affected by the PC concentration.
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The same set of experiments for the production of fluorescein loaded
liposomes was performed with a smaller water flow rate, 0.70 mL/min. In
this case, the PC/Water ratio was furthermore modified because the PC and
water mass fed into the system were both changed. In Table IV.3, the mean
diameters, PDI and EE of this set of experiments are reported.

Increasing the lipidic concentration, a progressive increase of the average
liposomes dimensions was observed, from a mean diameter of 476.5 + 127.7
nm to 912.3 £ 329.8 nm for the 10 mg/mL lipidic concentration. This effect
was mainly due to the formation of more lipidic double layers around the
water droplets. This phenomenon was highly evident with this kind of
compound and especially for a reduced water flow rate. The reduced speed
of the water droplets traduced into a larger residence time of the water
droplets in the formation vessel, giving the lipids the time to produce a
higher number of layers.

Moreover, the mean dimensions of the liposomes were larger than the set
produced at 10 mL/min because with a lower water flow rate, the fluid
velocity at the exit of water injector is reduced. This caused a minor
phenomenon of jet break up and the formation of bigger droplets. The
probable presence of a higher number of lipidic layers gave the possibility to
entrap further quantities of fluorescein in the inner core, from 96.4 % to 99.9
%, higher than the EE of the previous fluorescein samples. Since the water
speed is decreased, a major number of water droplets is covered by the
phospholipids before the drug diffuses into the external bulk.

To complete the study of fluorescein encapsulation efficiency, drug
release experiments were performed in vitro at 37 °C on samples loaded with
1 % w/w fluorescein and 5, 7.5 and 10 mg/mL lipid concentration (0.70
mL/min water flow rate), comparing them with free fluorescein drug release.
The kinetics curves are compared in Figure I'V.7.
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Figure IV.7 Drug release comparison: free fluorescein, 5 mg/mL PC, 7.5
mg/mL PC, 10 mg/mL PC

Native fluorescein was totally released after 2 hours. Liposomes prepared
with 5 mg/mL lipid concentration reached the maximum values after 2 days,
the sample with 7.5 mg/mL reached it after 5 days and the most loaded one
released all its content after almost 7 days. What was evident is the delaying
effect on drug release, due to the presence of a higher lipidic content. This
result confirmed the hypothesis that a greater amount of PC caused the
formation of a greater number of lipidic double layers, making the vesicles
more compact and giving the fluorescein more obstacles to overcome during
diffusion into the external bulk. An explanation was also found in the
literature, where it is confirmed that the difference in the release rate is due
overall to the number of double lipidic layers that hydrophilic drug has to
cross before being released into the external medium (Bozzuto, 2015).

IV.3 Drug concentration effect

Bovine serum albumin (BSA) was encapsulated into liposomes.
Ampicillin is a hydrophilic protein with a higher molecular weight compared
to the previous studied compounds. BSA was chosen to demonstrate that it is
possible to encapsulate also molecules bigger than ampicillin and
fluorescein, using SuperLip. The water flow rate was set to 10 mL/min,
pressure was set at 100 bar and the other process parameters were not
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changed. A set of experiments was performed by varying the BSA
theoretical loading from 10 % w/w to 30 % w/w and then to 60 % w/w in
ratio with the PC mass. The PC/Water ratio did not change since the water
flow rate and lipid concentration were not modified.

Table IV.4 MD, PDI and EE of liposomes loaded with 10, 20 and 30 % w/w
bovine serum albumin

BSI} Mean Diameter o
Loading PC/H,O MD [nm] % SD PDI EE [%]
[wiw, %]

10 123.0+12.3 0.20 62.5
30 2 144.7 £ 16.0 0.22 83.5
60 244.6 = 36.7 0.30 93.9

Upon increasing the drug loading (Table IV.4), the liposome mean
diameter increased. With a 10 % w/w theoretical loading, liposomes of 123.0
+ 12.3 nm were obtained. Increasing it to 30 % w/w, the vesicles mean size
became 144.7 £ 16.0 nm and for a 60 % w/w theoretical loading, it became
244.6 £ 36.7 nm. The increased mean diameter was ascribed to the increased
viscosity of a higher BSA concentration in the water solution. The PDI were
also increased by increasing the theoretical loading, because the PSDs
became polydispersed. The EE was increased from 62.5 % for 10 % w/w
loaded sample to 93.9 % for 60 % w/w loaded sample, because the high
viscosity of the water solution slows the drug diffusion to the external bulk.

Fluorescein and BSA encapsulation experiments were performed with
SuperLip by varying some of the process parameters. Upon increasing the
Ampicillin theoretical loading, nanometric and stable liposomes with high
EE were produced. Increasing the lipidic concentration, the liposomes mean
diameters were not modified by higher water flow rates, while they
significantly increased at lower water flow rates. The higher lipidic
concentration caused the formation of a major number of lipidic layers that
showed a delaying effect on fluorescein drug release. EE were still high, up
to 99.9 %. These good results were also confirmed for the BSA loaded
liposomes, that become smaller by increasing the drug theoretical loading.

A TEM image on this sample is reported in Figure IV.8, followed by an

IR characterization of the BSA native compared with SuperLip processed
BSA (Figure IV.9).
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Figure 1V.8 TEM image of multi-layered liposomes
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Figure IV.9 FTIR on native BSA compared with SuperLip processed BSA

A Fourier-transform infrared spectroscopy (FTIR) analysis of the BSA
loaded liposomes, compared to native BSA solution spectrum shows that
SuperLip did not damage the protein structure, preserving its functionality.
From the deconvolution of FTIR spectrum, it was observed that the content
in the native BSA is 66% and remained practically unchanged (at 64%) in
the processed BSA.
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IV.4 Gas to Liquid Ratio of the expanded Liquid

Despite the SuperLip process having demonstrated to be able to produce
micrometric and nanometric stable liposomes, the control of their mean
dimensions, especially at nanometric level, required further studies. For this
reason, the main aim of this work was to explore the effect of Gas to Liquid
Ratio of the Expanded Liquid (GLR-EL) on the diameter of produced
liposomes at micrometric and nanometric level. The entrapment of
vancomycin (Lankalapalli et al., 2015, Uhl et al., 2017) and farnesol
(Bandara et al., 2016) was attempted to verify the results also on loaded
liposomes.

1V.4.1 Production of empty liposomes at different GLR-EL

A relevant parameter still unexplored is the composition of the Expanded
Liquid (EL), i.e. the Gas to Liquid Ratio of the fluid phase (GLR-EL). It is
defined as the ratio between the carbon dioxide and ethanol flow rate, and its
effect on liposomes diameter has been studied.

In previous papers, GLR-EL was set at 2.4 (Campardelli et al., 2016a,
Santo et al., 2014) to study the effect of other process parameters such as
pressure, water flow rate, nozzle diameter, lipid concentration and double
layer composition (Campardelli et al., 2018, Trucillo et al., 2018a, Trucillo
et al., 2018b, Trucillo et al., 2018c, Trucillo et al., 2017, Campardelli et al.,
2016¢).

Empty liposomes were produced modifying the ethanol flow rate from
1.46 mL/min to 7.71 mL/min; whereas, CO, flow rate was regulated with a
micrometric valve, varying it from 2.47 g/min to 11.28 g/min. As a
consequence, the Gas to Liquid Ratio of the Expanded Liquid (GLR-EL)
varied from 0.32 to 6.00 on the mass basis (as reported in Table IV.5). The
water flow rate was set at 10 mL/min. The pressure in the formation vessel
was set at 100 bar and temperature at 40 °C.
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Table 1V.5 Mean Diameter (MD), Standard Deviation (SD), of empty
liposomes (GLR-EL in the range 0.32 to 6.00)

Ethanol flow Carbon dioxide MD +SD
GLR-EL rate [mL/min] flow rate [g/min] [nm]

0.32 7.71 2.47 1729 +£733
0.44 7.71 3.39 1324 + 537
1.33 6.94 9.23 963 +230
1.50 6.94 10.40 940 £+ 263
1.83 6.17 11.28 878 £ 170
2.20 4.62 10.17 139 £49
3.85 2.70 10.39 155+71
4.86 2.16 10.49 145 £ 65
6.00 1.46 8.79 150 £ 72

The experiments performed with a GLR-EL between 0.32 and 1.83
resulted in the formation of liposomes of micrometric dimensions (see Table

IV.5); the particle size distributions of these samples are reported in Figure
IV.10.
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Figure IV.10. Particle Size Distributions (PSDs) of micrometric and

nanometric empty liposomes obtained changing the Gas to Liquid Ratio of
the fluid phase (GLR-EL).

In particular, the mean diameters of micrometric samples are included
between a minimum of 878 + 170 nm and a maximum of 1729 + 733 nm.
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Figure IV.10 shows the decreasing trend of the mean diameters, as well as
the size distributions that become narrower upon increasing GLR-EL from
0.32 to 1.50. Data in Table IV.5 and Figure IV.10, also show that, for
GLRs-EL values included between 2.20 and 6.00 on the mass basis, the
mean size of the liposomes is in the nanometric range, between a minimum
of 139 = 49 nm and a maximum of 155 * 71 nm. The Particle Size
Distributions of the nanometric samples are also added to Figure IV.10 for
GLRs-EL larger than 2.20. For these cases, an increase of GLR-EL Gas
results in the production of liposomes with narrower particle size
distributions. PSDs in Figure I'V.10 have been reported together to allow for
the observation of results at micro and nano level, that cover more than one
order of magnitude. In particular, looking at the results summarized in Table
IV.5, the overall comment is: changing the GLR from 0.32 to 6.00, a
progressive reduction of the liposomes mean diameter was observed, from
micrometric liposomes to nanometric level.

A FE-SEM image of nano-liposomes obtained working at GLR-EL 6.00
is shown in Figure I'V.11.
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Figure IV.11. Scanning Electron Microscope image of liposomes produced
at a GLR-EL = 6.00

In summary, these experiments demonstrated that it is possible to tune the
mean dimensions of the liposomes changing the GLR-EL using SuperLip.
Working with a GLR-EL lower than 1.83 on the mass basis, sub-micrometric
and micrometric vesicles have been produced. Working at GLRs-EL larger
than 1.83, nanometric mean dimensions smaller than about 150 nm have
been obtained.
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It is necessary to recall the theory studied by Brunner on the surface
tension between two coexisting phases (Brunner, 2013). In the particular
case of this work, it should be considered the surface tension between the
water-rich phase and the other phase that is rich in ethanol and CO,. Carbon
dioxide and water are slightly miscible, but ethanol is miscible with CO, (at
100 bar and 40°C) and with water. Thus, the ethanol can be considered as a
mediator between CO, and water, being directly responsible of reducing the
surface tension. Indeed, for small Gas to Liquid Ratios, the surface tension is
smaller than for large Gas to Liquid Ratios.

A Gibbs diagram of the ternary system water-carbon dioxide-ethanol was
provided in Figure IV.12.
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Figure 1V.12. Gibbs Diagram for the CO,—EtOH-H,0 system at 313K and
100 bar., adapted from (Durling, 2007).

The Solvent Residue (SR) present in the liposomes after SuperLip
production was also studied for all the experiments. The samples recovered
after SuperLip were subjected to evaporation under vacuum. This operation
was performed at 40 °C and 150 rpm for 20 minutes; these mild conditions
were chosen to preserve the integrity of the liposomes vesicles. The results
are reported in Table IV.6. However, it is necessary to consider the Gibbs
diagram adapted from (Druling, 2007), containing the mixing paths for the
different compositions water-ethanol-carbon dioxide (Figure 1V.13).
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T=40°C
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Figure IV.13. Gibbs Diagram for the CO,—~EtOH-H,0 system at 313K and
100 bar., adapted from (Durling, 2007), with mixing paths.

The system obtained in the high pressure vessel of SuperLip is
characterized by a mixture of ethanol, carbon dioxide and water,
hypothesized at their equilibrium. Then, looking at the equilibrium diagram,
the composition of the binary mixture ethanol-carbon dioxide is modified by
the GLR-EL. The mixing paths (drawn in red), that link the ethanol molar
fraction in the binary mixture with water, describe different intersections
with the miscibility gap, changing the composition of the expanded liquid
(ethanol + carbon dioxide), and consequently of the water phase at the
bottom of the formation vessel. As described by mixing paths, the segment
that links the binary mixture with the binodal curve indicates the maximum
amount of ethanol that can enrich the water bulk, set at the bottom of the
formation vessel of SuperLip. Moreover, increasing GLR-EL, the paths
demonstrate that the system will be characterized by a smaller amount of
ethanol residue.
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Table IV.6. Comparison between Solvent Residue (SR) measured in empty
liposomes suspension after evaporation, at different values of GLR-EL.

SR after evaporation,

GLR-EL
[ppm]
0.32 4567
0.44 4102
1.33 3214
1.50 3023
1.83 2832
2.20 2641
3.85 2450
4.86 2259
6.00 1 890

Solvent in the liposomes suspensions after the SuperLip process was
above the limit of Drug & Food Administration guidelines for this class of
solvent (< 5000 ppm). For this reason, an evaporation step was required.
Looking at the results reported in Table IV.6, it is possible to see that after
20 min of mild evaporation, final solvent residues were always less than the
fixed admissible limit for this solvent. It is interesting to note that different
GLR-EL values determine different final contents of ethanol; i.e., decreasing
the amount of ethanol in the EL mixture (increase of GLR-EL), the final
amount of ethanol in liposome suspensions was lower. Solvent Residues
ranged between a maximum of 4 567 ppm for a GLR-EL of 0.32 to a
minimum of 1890 ppm for a GLR-EL of 6.00. To verify if liposomes
subjected to evaporation were damaged by the post-processing step, samples
were characterized using Dynamic Light Scattering to study their Particle
Size Distributions and stability before and after the evaporation step. A
comparison between the particle size distributions of the vesicles produced
at a GLR-EL of 6.0 is proposed in Figure IV.14.
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Figure IV.14 Comparison of the Particle Size Distribution of liposome
suspensions produced at GLR-EL 6.0 before and after evaporation step.

It shows that the two distributions substantially overlap and this result
means that post-processing by evaporation has a negligible effect on the
liposomes diameter.

1V.4.2 Production of loaded liposomes

A hydrophilic antibiotic such as vancomycin was entrapped in the inner
core of liposomes with theoretical loadings from 5 % to 15 % on the lipid
mass base. The same theoretical loadings were repeated for the entrapment
of the lipophilic antioxidant farnesol in the lipidic double layer. Pressure and
temperature were set at 100 bar and 40 °C. The aim of this part of the work
is twofold: first, to verify if it is possible to load these compounds in
liposomes produced by SuperLip and, second, to verify that diameter control
at nano level is still possible, when producing loaded liposomes. GLR-EL
was fixed to 6.00 as optimized with the previous set of experiments.

In Table IV.7, the Mean Diameters (MD), Encapsulation Efficiencies
(EE) and Solvent Residue (SR) are reported; whereas, the particle size
distributions are compared in Figure I'V.15.
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Table IV.7. Mean Diameter (MD) plus Standard Deviations (SD),

Encapsulation Efficiency (EE) and Solvent Residue (SR) of farnesol and
vancomycin loaded liposomes at GLR-EL 6.00

Mean

Theor. Diameter Encapsulation Solvent
Compound Loading P

MD+SD  Efficiency [%] esidue

[%] [nm] [ppm]
Farnesol 5 133+ 76 229+14 1900
(lipophilic) 10 150 + 80 652+23 1868
15 159 +95 74.0+1.1 1680
Vancomycin 5 250+ 93 76.7+1.9 134
(hydrophilic) 10 201 +58 613+1.0 23
15 180 + 48 60.0 £ 0.8 10

Farnesol
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Figure 1V.15. Particle Size Distributions of farnesol (a) and vancomycin (b)
loaded liposomes produced at a GLR-EL 6.0.
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It is possible to observe that the farnesol loaded liposomes had a mean
diameter between a minimum of 133 + 76 nm for the lowest drug theoretical
loading (5 % w/w) and a maximum of 159 + 95 nm for the highest (5 %
w/w). The liposome mean dimensions showed a decreasing trend by
increasing the drug cargo (see Figure I'V.15a).

In the same way, the vancomycin loaded liposomes showed a mean size
from 180 + 48 nm to a maximum of 250 = 93 nm, as shown in Figure
IV.15b. These results demonstrated that the particle size distribution of the
loaded liposomes remained at nanometric level.

The encapsulation efficiency was up to 74.0 £ 1.1 % for the farnesol
loaded liposomes and up to 76.7 = 1.9 % for the vancomycin loaded
liposomes. The encapsulation efficiency of the hydrophilic compound was
almost constant upon increasing the drug theoretical loading; whereas, it
showed an increasing trend for the lipophilic loaded liposomes. This last
result was already obtained for other lipophilic compounds entrapped in the
double lipidic layer of vesicles and explained in our previous work (Trucillo
et al., 2018c).

After evaporation under vacuum, the Solvent Residue (SR) of the
vancomycin loaded liposomes was 134 ppm for 5 % vancomycin loading, 23
ppm for 10 % and 10 ppm for 15 % loaded vesicles. Comparing these results
with empty liposomes, the ethanol residue was much lower. A possible
explanation of these results can be provided considering the different
solubility of the drugs in ethanol. Vancomycin is slightly soluble in ethanol;
for this reason, this antibiotic dissolved in water droplets probably repels
ethanol during the liposome formation. This results in the smaller SR of the
vancomycin loaded liposomes. Farnesol has good affinity with ethanol and
does not modify the interaction between water droplets and the Expanded
Liquid during the formation of liposomes in the high pressure vessel. Due to
its lipophilic nature, Farnesol was dissolved into ethanol together with lipids
and participated in the formation of the vesicles lamellae as well as
Phosphatidylcholine (PC), resulting in SRs similar of those obtained for
empty liposomes. A confirmation of this explanation is given by the results
of the SRs obtained for the sample with the increased vancomycin loadings.
In the case of farnesol, SR was almost constant when the drug loading was
increased. Upon increasing the drug theoretical loading on lipid mass base,
the solvent residue showed a decreasing trend. In particular, for 5 %
vancomycin loaded liposomes, the measured residue was 134 ppm; it was 23
ppm for 10 % loaded vesicles and 10 ppm for 15 % loaded carriers.
Examples of Field Emission-Scanning Electron Microscope (FE-SEM)
images of vancomycin and farnesol loaded liposomes are reported in Figure
IV.16.
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Figure 1V.16 Scanning Electron Microscope of vancomycin (a) and farnesol
(b) loaded liposomes produced with GLR 6.00

This figure shows that the nanometric mean dimensions were confirmed;
the shape of the vesicles is spherical. In the case of farnesol loaded vesicles
(Figure IV.16b), larger aggregation phenomena can be observed. This fact
is probably due to the presence of farnesol in the lipidic barrier. Farnesol is
liquid at room temperature and for this reason its presence in the liposome
membrane can produce a stickier sample.

Control of the liposomes diameter is one of the key questions in their
production, especially at nanometric level. This study revealed that in the
case of SuperLip, the key parameter that mainly controls liposome diameter
is GLR-EL. This result is somewhat surprising but a possible explanation,
based on its influence on the properties of the receiving EL during
atomization and their influence on the forming droplets, has been proposed.
Another relevant result of this study is the reduction of solvent residue
changing GLR-EL and based on the ethanol percentage in the EL.
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The encapsulation study with vancomycin and farnesol confirmed that
GLR-EL can give a good control of the liposome size and solvent residue,
both for lipophilic and hydrophilic compounds entrapment.
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Chapter V
V.1 Cholesterol loaded liposomes

The characteristics of liposomes are strictly related to the chemical
properties of the phospholipids used during the preparation. The kind of
lipids selected for the liposome formation may modify the total surface
charge of liposomes, the permeability, the encapsulation efficiency and the
drug release (Nagahiro et al., 2000, Filion and Phillips, 1997, Gregoriadis,
2016). The membrane solidity is often linked to the shape of the
phospholipids, particularly to the corner amplitude described by their two
tails (Nogueira et al., 2015). Phosphatidylcholine (PC) is the most commonly
used phospholipid in liposomes membrane (Li et al., 2015). Cholesterol
(Chol) is recognized as being compatible with the formation of vesicles. It is
reported that it is able to prevent the formation of aggregates and has
stabilizing effects. However, a high percentage of cholesterol in liposome
formulation can cause liposome destabilization and the presence of Chol
crystals in the aqueous bulk. The amount necessary to achieve stable carriers
has yet to be clarified (Eloy et al., 2014). Phosphatidylethanolamine (PE) is
another kind of phospholipid used in many cases for liposomes double layer
formulations (Hwang et al., 2007). In this case, the main difference with the
PC tridimensional structure is the presence of a larger angle between the two
lipid chains. The PE general shape is truncated conical, while PC has a
cylindrical shape (Suetsugu et al., 2014b). Despite these interesting
properties, a systematic study on the effect of PE or Chol incorporation in
liposome membranes on the vesicles mean diameter, drug encapsulation
efficiency, drug release has not been performed yet. For example, some
liposome formulations have been developed adding synthetic lipids to PE
vesicles, obtaining nanoparticles but with low encapsulation efficiencies of
the active principles (Blume and Cevc, 1990). The effect of cholesterol
incorporation was studied together with PEGylation or chitosan coating; but,
focusing especially on the permeability effect on the membrane (Wang et al.,
2010).

The SuperLip process has been proposed to explore the possibility to
produce liposomes with a high encapsulation efficiency of the hydrophilic
compounds and using different lipid mixtures in the bilayer membrane, to
understand the effects of lipid composition on drug encapsulation efficiency
and drug release kinetics.

In particular, the possibility of production of PC based liposomes with
Chol and PE in the lipid bilayer (with different w/w percentages) using the
SuperLip process is studied, using theophylline as a model hydrophilic drug.
The effect of the water solution flow rate, the presence of Chol and PE is
considered on the Particle Size Distribution (PSD), encapsulation efficiency
(EE), vesicles stability and drug release kinetics. Liposome stability as well
as Chol and PE entrapment efficiency into liposomes bilayer was also
investigated.
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A first set of experiments was performed at different water solution flow
rates to verify the possibility of the encapsulation of theophylline in PC/Chol
based liposomes.

The experiments were performed at a pressure of 100 bar and a
temperature of 40 °C. The flow rate of the ethanol solution was set to 3.5
mL/min and carbon dioxide flow rate was calculated to obtain a gas to liquid
ratio by mass weight (GLR) of about 2.4. The water flow rate was initially
set at 10 mL/min. The corresponding composition of the system during the
experiments can be represented on the ternary vapor liquid equilibrium
diagram of Figure V.1 (Durling et al., 2007a) water-CO,-ethanol (neglecting
the presence of the solutes). In order to obtain liposomes, the operating point
should be located inside the miscibility gap, where the immiscibility between
the water droplets and the expanded liquid can be obtained. Outside the
miscibility gap, water can be extracted by the expanded liquid solution
ethanol-CO,.

T=40°C
0-00 1'00

= 100 bar

y - 7 +0.00
0.00 0.25 0.50 0.75 1.00

Carbon Dioxide

Figure V.1. Operating points (in red) in the experiments performed at
different water flow rates, reported in the carbon dioxide-water-ethanol
ternary diagram at 40°C and 100 bar, adapted from (Durling et al., 2007a).

PC and Chol were dissolved in the ethanol solution (100 mL total
volume) to obtain a total lipid concentration in the ethanol solution of 5
mg/mL. Cholesterol was loaded at 1% and 2.5% by weight, with respect to
the PC amount. PC only based liposomes were also produced for comparison
purposes. The theophylline theoretical loading was fixed at 1% w/w with
respect to the lipid content. The results are summarized in Table V.1.
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Table V.1 Particles size distribution data for 1% theophylline loaded
liposomes with 0%, 1% and 2.5% cholesterol content in the lipid layer,
produced at three different water flow rates 10, 2.14 mL/min and 0.7 mL/min
respectively.

1% [w/w] theophylline theoretical loading

hol. Theor.
I(foading (%] KR =~ MD£SD o, Délgg Chol

[mL/min] [nm] [%] EE [%]

10.0 192.2 +£ 32 0.171 2.0 ---
1 10.0 240.5 £40 0.170 7.3 259
2.5 10.0 218.7+55 0.252 5.5 23.7

0 2.14 165.9 £ 60 0.362 59.5 ---
1 2.14 180.1 =70 0.390 59.9 75.8
2.5 2.14 189.8 + 81 0.426 58.8 76.2

0 0.70 140.5+ 54 0.470 96.3 ---
1 0.70 136.2 = 86 0.636 98.0 80.5
2.5 0.70 170.5 =59 0.693 97.7 81.7

As shown in Table V.1, the addition of Chol in the membrane forming
liposomes does not significantly affect liposome formation; the suspensions
were successfully produced at all the value of Chol concentrations. The size
distribution of the liposomes produced at different Chol percentages are
reported in Figure V.2. Comparing the PSD of the PC based liposomes and
PC/Chol liposomes, reported in Figure V.2, it is possible to observe that the
presence of Chol in the lipid membrane composition did not produce any
significant effects on the vesicles mean diameters and PSDs. In particular,
the liposome mean diameter values were in the range between 192.2 + 32
nm and 240.5 + 40 nm. Nanometric liposomes were produced for all the
cholesterol concentrations with PDI < 0.2. The experiment with 2.5% of
Chol in the lipid layer presented the highest PDI, of about 0.252, with a
longer tail. A higher amount of Chol in the lipid bilayer probably causes an
enlargement of the liposome particle size distribution due to the higher steric
volume of Chol crystals in the lipid membrane.

66



Liposomes double layer optimization

[
=

= PC liposomes
Chol 1% liposomes
———Chol 2.5 % liposomes

—
[ ]
T T T

Liposomes, %
® o
— T T 1

0 200 400 600 800 1000
Diameter, nm
Figure V.2 1% w/w theophylline loaded liposomes produced with different

cholesterol percentages in the double lipidic layer (0, 1 and 2.5% w/w with
respect to the PC mass concentration).

The theophylline encapsulation efficiency seemed to be not affected by
the Chol percentage in the lipid composition. In addition, the effective Chol
loading inside the lipid membrane, measured using GC analysis, was low
with an overall entrapment efficiency of Chol in the bilayer of about 25%.
The increase of the Chol theoretical loading in the initial solution did not
largely modify the Chol entrapment efficiency. Therefore, some experiments
where performed at different water solution flow rates, according to the
hypothesis that low encapsulation efficiencies were probably caused by the
high velocity of the droplets atomized at the exit of the nozzle as well as by
the disruption of the droplets when they impacted on the water pool located
at the bottom of the formation vessel. If these events are considered, the loss
of theophylline content from the water internal core of the liposomes, along
with a disaggregation of the lipid bilayer could be explained.

In order to improve the theophylline encapsulation efficiency and to
verify the hypothesis of the negative effect of high water flow rate on
liposome efficient production, the water flow rate was reduced. The same set
of experiments with different Chol loadings from O to 2.5% was repeated at
the lower water flow rates of 2.14 and 0.7 mL/min. The theophylline
theoretical loading with respect to the lipid content was maintained at 1%
w/w. The results are shown in Table V.1. An improvement of both the Chol
entrapment in the lipid layer and the theophylline encapsulation efficiency in
the inner water core was successfully obtained operating with a water flow
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rate of 2.14 mL/min. Chol was entrapped in the liposome membrane with a
trapping efficiency of about 76.2% and theophylline encapsulation efficiency
was improved up to 59.9%. At a reduced water flow rate, the phenomenon of
disruption of the water droplets during the impact with the receiving water
bath, at the bottom of the formation vessel, is probably reduced. This allows
to obtain a higher theophylline encapsulation efficiency as well as avoid the
loss of part of the lipid content from the liposome membrane. Reducing the
water flow rate to 2.14 mL/min, the mean diameter of the liposome
suspensions was also slightly reduced. In particular, the liposome mean
diameter values were in the range between 165.9 + 60 nm and 189.8 + 81
nm. However, an increase of PSD amplitude was observed, PDI in the range
between 0.362 and 0.426 were obtained. The reduction of the water flow rate
produced a spray of water droplets characterized by a larger size distribution.
Comparing the data of the PC based liposomes and the PC/Chol liposomes,
it can be observed that also in this case the presence of Chol in the lipid
bilayer composition did not produce any significant effects on the vesicle
mean diameters, but, as also observed in the set of experiments at 10 mL/min
of the water flow rate, the wider PSD was obtained at 2.5% of the Chol
loading in the lipid layer. This test presented the highest PDI of the
experiments at 2.14 mL/min, of about 0.426, with a longer tail of the PSD,
due to a higher steric volume of Chol crystals in the liposome lipid
membrane. The theophylline and Chol entrapment efficiency was not
affected by the amount of Chol in the lipid composition of the liposome
membrane.

A further successful increase of the Chol and theophylline entrapment
efficiency was observed operating with a water flow rate of 0.7 mL/min. The
theophylline encapsulation efficiency was significantly improved up to 98%
and the Chol entrapment efficiency was improved up to 81.7%. 0.7 mL/min
seems to be the best flow rate for an efficient PC/Chol theophylline loaded
liposomes production. Liposomes suspensions were successfully produced
obtaining a further reduction of the liposome mean diameters with values in
the range from 136.2 + 86 nm and 170.5 = 79 nm. The reduction of the water
flow rate produced an enlargement of the PSDs again, with PDI over 0.6,
confirming the previously observed results.

These results seem to confirm that the reduction of the water flow rate
from 10 to 0.7 mL/min, allows to reduce the droplets disruption at the impact
on the final water bath avoiding a loss of the encapsulated drugs.

V.2 Production of PC/PE liposomes

Another set of experiments was performed using
Phosphatidylethanolammine (PE) rather than Cholesterol in the lipid
solution. Chol is a one-tail surfactant; whereas, PE is a two-tail surfactant.
PC is classified as a cylindrical shaped phospholipid, PE is truncated conical

68



Liposomes double layer optimization

shaped [50]. The experiments were performed to verify if the shape of
phospholipids may play a significant role in the mean dimensions of the
produced vesicles. Furthermore, the composition of the lipid bilayer can
affect both drug encapsulation efficiency and release kinetics. For this
reason, experiments with PC and 0, 1, 2.5% (w/w) of PE content were
performed at the operating conditions previously optimized for PC/Chol
theophylline loaded liposomes: 100 bar, 40 °C and 0.7 mL/min water flow
rate. The results are summarized in Table V.2 and PSDs are compared in
Figure V.3.

Table V.2 Particles size distribution data of theophylline loaded liposomes
with 0%, 1%, 2.5% of phosphatidylethanolammine (PE) content in the lipid
layer, produced with the water flow rate of 0.7 mL/min.

PE. Theor. MD+ SD PDI Drug EE PE
Loading [ %] [nm] [%] EE [%]

0 192.2 £ 32 0.171 2.0 -

1 240.5 £40 0.170 7.3 25.9

2.5 218.7+55 0.252 5.5 23.7

The data reported in Figure V.3 and Table V.2 show that the mean
diameter of the liposomes is not significantly affected also by the presence
of PE in the double layer. A slight decrease of the liposome mean diameter is
observed increasing the PE percentage. Due to the particular shape of PE
tails, a lipidic membrane with a denser packing was probably formed,
resulting in lower vesicle mean dimensions. In this case, it was not possible
to evaluate the PE entrapment efficiency in the lipidic double layer because
PC and PE were detected in a single GC peak and it was not possible to
separate the contribution of the two compounds. Regarding theophylline, the
encapsulation efficiency up to 95.1 % was obtained using the optimized
operating parameters.
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Figure V.3 PSD of theophylline loaded liposomes produced with increasing
percentages phosphatidylethanolamine (PE) encapsulated in the double lipid
layer

Transmission Electron Microscope images of the liposomes with 1% (w/w)
Chol content in the lipidic layer have been produced and reported as
examples in Figure V.4

(b)

Figure V.4 Transmission Electron Microscope images of liposome vesicles.

These images report qualitative information about the morphology of the
vesicles produced. In particular, it is possible to verify the spherical shape of
the vesicles. The sample also shows a relatively wide population of
liposomes. It is also possible to observe the presence of the double layer of
the liposomes, whose thickness is about 30-40 nm. The concentration of the
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vesicles in the aqueous bulk, obtained by Nanoparticle Tracking Analysis
(NTA), was about 28.8*106 liposomes/mL.

The stability of the vesicles is the capability to retain the drug in the inner
core. It was measured through the encapsulation efficiency of the liposomes
sample stored at 4°C for over 40 days and controlled every 7 days. The
results are reported in Figure V.5 for the sample containing 0.5% of Chol in
the lipid membrane and 1% of theophylline in the inner core, produced at 0.7
mL/min of water flow rate.
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Figure V.5 Stability of encapsulation of theophylline loaded liposomes (1%
cholesterol, water flow rate 0.7 mL/min) observed over a 40 days period.

As shown in Table V.5, the encapsulation efficiency remains stable over
5 weeks, without significative drug leakages. The same behavior was
observed for the sample loaded using PE and for PC based liposomes. In
conclusion, the presence of different lipids in the liposome membrane did
not alter the vesicles stability.

In order to understand the effect of the lipid composition in the liposomes
membrane on the drug release kinetics, samples produced at 0.7 mL/min
water flow rate, theophylline loaded at 1% and with O, 1 and 2.5% w/w of
Chol were used to perform drug release tests at 37 °C (Figure V.6).
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Figure V.6 Comparison of drug release kinetics of theophylline liposomes
loaded with 0, 1, 2.5% cholesterol (Chol) content in the lipid double layer,
produced with 0.7 mL/min water flow rate.

From Figure V.6, the liposomes with 0% cholesterol (PC based
liposomes) released their total content of theophylline in about 5 hours. The
1% Chol loaded liposomes completed the release of the drug in about 9
hours; whereas, 2.5% cholesterol loaded vesicles released the total drug
content after 40 h (about 2 days).

These results show that the presence of small quantities of Chol largely
modify the drug release kinetics. This experimental evidence is explainable
considering that Chol is reported to modify the microviscosity of the lipid
membrane, affecting its fluidity; but, also to improve the integrity and the
stability of the vesicles’ membrane (Sankaram and Thompson, 1990).
Furthermore, cholesterol is capable of increasing the hydrophobicity of the
membrane (Subczynski et al., 1994), inducing a longer time retention of the
hydrophobic molecules, like theophylline, encapsulated in the inner core.

For a further confirmation of the previous results, the same tests were
performed for the sample produced at 2.14 mL/min of water flow rate and at
different Chol percentages. These experiments confirmed the trend observed;
i.e., increasing the Chol amount loaded in the lipid bilayer, slower drug
release kinetics were obtained. In order to understand the effect of PE on
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theophylline drug release kinetic, a release test was performed for liposomes
loaded with 2.5% of PE. The results are shown in Figure V.7, where also the
release kinetics obtained for the sample at 2.5% of Chol and for un-
processed theophylline are reported for comparison purposes.
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Figure V.7 Drug release kinetics comparison between un-processed
theophylline, 2.5% cholesterol (Chol) loaded liposomes and 2.5%
phosphatidylethanolamine (PE) loaded liposomes, produced at water flow
rate of 0.7 mL/min.

The presence of PE again slows down the release kinetics of
theophylline, the PC/PE liposomes released the total drug content after about
10 h; whereas, un-processed theophylline is rapidly dissolved in less than 1.5
hours. Comparing this result with the PC/Chol drug release kinetic, it is
possible to observe that the strongest effect on the drug release kinetic
decrease was obtained when 2.5% of Chol was loaded into the lipid bilayer.
This result can be explained considering that, probably, the addition of Chol
contributes to increasing the integrity and stability of the lipid membrane
more than PE.

The composition of the lipid layer did not significantly affect the
liposome size distribution, vesicles stability over time and drug
encapsulation efficiency, but demonstrated, even at low concentrations,
considerable effects on the drug release kinetics. The modifications of the
fluidity and the permeability of the lipid bilayer with the addition of different
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lipids into liposome membrane are relevant to prolong drug release rate from
these liposomes.
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The controlled delivery of antioxidants (Turek and Stintzing, 2013) is of
interest for therapeutic (Stone and Smith, 2004) and cosmetic (Jiang et al.,
2011) applications. For example, eugenol (EUG, 4-allyl-2-methoxyphenol)
has a remarkable antioxidant activity, thanks to its antibacterial and
antifungal properties (Guan et al., 2016). It is generally used as a food
flavoring agent, as an additive to fragrances and in active packaging
applications (Baskaran et al., 2010, Devi et al., 2010, Zhang et al., 2000). In
addition, a-lipoic acid (ALA) (Packer et al., 1995) possesses an antioxidant
activity and is often used in human diets due to its functional properties
(Abdel-Zaher et al., 2008). Moreover, it can be used as a therapeutic agent to
prevent some pathologies, like diabetes (Zhang et al., 2016, Alvarez-Rivera
et al., 2016). However, antioxidants are generally unstable and sensitive to
oxygen, light and heat (Garg and Singh, 2011, Choi et al., 2009, Mourtzinos
et al., 2008). Microorganisms can also use these compounds as substrates
(Tadasas, 1983). For these reasons, it is preferable to protect and deliver
them using a carrier.

It has been recognized that nanoencapsulation offers various benefits
such as enhanced stability, protection against oxidation, retention of volatile
compounds, reduced toxic effects and enhanced bioavailability (Neethirajan
and Jayas, 2011, Nedovic et al., 2011).

EUG loaded liposomes were produced using thin film hydration and
reversed-phase evaporation methods (Sebaaly et al., 2016b, Sebaaly et al.,
2016a, Espirito Santo et al., 2015a). However, these techniques suffer from
many drawbacks because they require complex post-treatment steps. The
produced liposomes are not homogeneous and Particle Size Distribution
(PSD) is difficult to replicate. Encapsulation Efficiencies (EE) are generally
lower than 30 % of the theoretical loading for hydrophilic compounds. For
example, some authors attempted to protect EUG using encapsulation in
nanoparticles, nanocapsules, microcapsules and liposomes (Woranuch and
Yoksan, 2013). Nanoparticles with antioxidant EE of about 20% were
produced under optimized operating conditions. Some authors tried to entrap
ALA in microspheres, using chitosan as the polymeric matrix (Weerakody et
al., 2008), obtaining micrometric ALA-loaded particles with 55 %
encapsulation efficiency; however, a reduction of the antioxidant activity of
lipoic acid of 25% after encapsulation in the chitosan matrix was observed.

SuperLip has been tested for the entrapment of lipophilic compounds that
in principle can only be included in the lipid bilayer. This operation can
destabilize the vesicles integrity. Therefore, the production of submicro
liposomes containing EUG and ALA considered as model lipophilic
antioxidant compounds was attempted to avoid drug degradation caused by
light and heat as well as improve drug vehiculation and its bioavailability.
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VI.1 Eugenol and a-lipoic acid encapsulation in liposomes

It is possible, in principle, to encapsulate EUG either in the lipophilic
core or in the lipidic layer, since this compound is soluble both in ethanol
and water. The first experiments were performed to try to encapsulate EUG
in the classical way, using the hydrophilic core, adopting theoretical loadings
of 10, 20 and 30 % w/w with respect to phosphatidylcholine (PC).

The process temperature was set at 35 °C in the first set of experiments;
then, it was set to 40 °C.

The possibility of changing the temperature in the SuperLip system
was limited by the lower limit of 31.1 °C (critical temperature for carbon
dioxide) and 45 °C, when not modified lipids are subjected to degradation.

Pressure was fixed at 100 bar and water flow rate to 10 mL/min. The first
The mean diameters, polydispersion indexes (PDI), encapsulation
efficiencies (EE) and antioxidant power of the EUG-loaded liposomes are
summarized in Table VL.1.

Table VL1 Diameter, Polydispersion Index (PDI), EE and antioxidant
power of Eugenol loaded liposomes

. Mean Inhibition
Theoretical ;00 oter PDI EE [% .

Test Loading o] reduction
[%,p/pl  [nmzSD] [%]
35°C 10 224 + 81 0.36 84.3 8.2
inner 20 151 £ 69 0.46 86.2 6.4
core 30 139 £ 69 0.50 84.1 7.5
40 °C 10 260 £91 0.35 80.4 10.0
inner 20 196 =76 0.39 92.5 9.6
core 30 188 £ 113 0.60 94.2 10.7
40 °C 10 255 £122 0.48 83.9 10.6
lipid 20 234 + 101 0.43 86.3 22.2
layer 30 230 £ 96 0.42 84.9 41.9
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Figure VI.1 PSD of liposomes core loaded with 10, 20 and 30 % eugenol,
produced at the temperature of 35 °C

12 +

Eugenol/PC w/w
10 %
—20%
—30%

10 -

Liposomes, %
*N

0 200 400 600 800

Diameter, nm

Figure VL.2 PSD of liposomes core loaded with 10, 20 and 30 % eugenol,
produced at the temperature of 40 °C
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In detail, operating at 35 °C the liposomes mean diameter decreased from
224 + 81 nm to 139 = 69 nm by increasing the EUG theoretical loading from
10 to 30 % w/w; PDI also increased from 0.36 to 0.50. These results are well
represented by the particle size distributions reported in Figure VI.1. The
entrapment of the hydrophilic drug seemed not to be affected by the
concentration of drug. EE was nearly constant, ranging from a minimum of
84.1 % to a maximum of 86.2 %. Antioxidant activity of the encapsulated
EUG was measured using the DPPH assay, as described in the Methods
section; processed EUG showed an almost constant inhibition capacity, with
a slight decrease of the inhibition compared to the native compound. The
inhibition reduction ranged between 6.4 and 8.2 %, meaning that the
molecules entrapped in the liposomes have approximatively the same
antioxidant power of the unprocessed compound. These results confirmed
that the mild operating conditions adopted in SuperLip allow to encapsulate
EUG with high EE, preserving its antioxidant power.

The second set of experiments was performed to explore the effect of the
temperature on liposome formation. In these experiments, the process
temperature was set to 40 °C, maintaining constant all the other operating
parameters (see Table VI.1).

The data reported in TableVI.1 and the particle size distributions of
Figure V1.2, show that the EUG containing liposomes were still of
nanometric dimensions; the vesicles’ mean diameter was included between
260 = 91 nm and 188 + 113 nm, with a PDI from 0.35 to 0.60. In this case,
the mean diameters decreased when the EUG theoretical loading was
increased. Furthermore, PSDs maintained the same trend observed in the
experiments performed at 35 °C. Regarding EUG EE, the samples processed
at 40 °C showed larger encapsulation efficiencies. For this set of
experiments, EE increased up to 94.2 %; i.e., with an increase of about 10 %
with respect to EE obtained at 35 °C. The antioxidant power of the processed
eugenol was still not largely reduced with respect to the unprocessed
compound, with an inhibition reduction between 9.6 and 10.7 %. According
to the results obtained, 40 °C can be considered a better condition to obtain a
good control of PSD and high EE and antioxidant power preservation.
Therefore, this parameter was fixed at 40 °C in all the following
experiments.

The successive set of experiments was performed to study the possibility
to incorporate EUG in the lipidic double layer. Theoretical loadings of EUG
with respect to lipid content in ethanol solution were fixed again at 10, 20
and 30 % w/w in PC for comparison purposes; but, in this case, EUG was
dissolved in the ethanolic solution instead of the water solution. The working
temperature was set to 40 °C, as well as the pressure at 100 bar and the water
flow rate at 10 mL/min.

Looking at results shown in Table V1.1 and Figure VL3, it is possible to
see that liposomes of nanometric dimensions were produced and their mean
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diameters ranged between 255 + 122 nm and 230 + 96 nm; in this case, only
a slight decrease of the mean diameter, increased EUG theoretical loading,
was observed. Comparing these results with the liposomes obtained when
EUG was loaded in the inner core at the same temperature, in this case, the
mean diameters are larger. Regarding the EE of the samples loaded with 10,
20 and 30 % w/w theoretical loading, EUG was entrapped successfully also
in the lipidic double layer, with EE up to 86.3 %. This result means that PC,
dissolved in the expanded liquid, succeeds in holding the compound during
the process of liposome formation. However, looking at Table VL1, it is
possible to note that EUG entrapped in the lipidic membrane was more
significantly damaged. The reduction of the antioxidant power is more
relevant, if compared to liposomes with eugenol encapsulated in the inner
core and, also, an increase of the inhibition reduction can be noted at larger
EUG theoretical loadings. This degradation phenomenon could be due to the
fact that EUG dissolved in ethanol is subjected to harder process conditions,
compared to EUG dissolved in the inner liposome core.

The possibility to encapsulate lipophilic compounds in a liposome double
lipidic layer was also tested for ALA. Since ALA is not soluble in water but
highly soluble in organic solvents, the encapsulation tests were performed
only in the lipidic layer of liposomes, using the same parameters found for
EUG-loaded liposomes: the temperature was set to 40°C, the water flow rate
to 10 mL/min and the pressure to 100 bar (Table V.2). To compare them to
the eugenol-loaded liposomes, the concentration of ALA was 10, 20 and 30
% w/w in PC, as well. The particle size distributions are compared in Figure
VIL4.

Table VL2 Mean diameters, Polydispersion index (PDI), EE and
antioxidant power of ALA loaded liposomes

Theoretical Diameter Inhibition
. PDI EE [%] reduction
Test Looadlng [nm  SD] (%]
[%, p/p] ¢
40 °C 10 244 + 86 0.35 55.7 13.3
lipid 20 187 £75 0.40 68.1 22.6
layer 30 109 =49 0.45 63.1 62.8
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Figure V1.3 PSD of liposomes lipidic layer loaded with 10, 20 and 30 %
eugenol, produced at the temperature of 40 °C
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Figure V1.4 Cumulative curves of liposomes loaded with 10, 20 and 30 %
w/w ALA, produced at the temperature of 40 °C
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The liposomes mean diameters decreased from 244 + 86 nm to 109 + 49
nm, increasing the theoretical loading of the lipophilic drug. Figure V1.4
shows the PSDs of the experiments performed using different percentages of
ALA in the lipidic solution: it is possible to observe that increasing the ALA
content in the lipidic double layer, a reduction of the vesicles mean
diameters was obtained. Moreover, also the PDI of the ALA-loaded samples
decreased, increasing the ALA theoretical loading. The same trend was
observed for the EUG double layer encapsulation experiments, but the
average mean diameters were higher in the case of the ALA loaded vesicles.
This decreasing trend is a general behavior of additives introduced into
liposome double layers, as reported in literature for other lipidic compounds
such as cholesterol (Bae et al., 2016).

EEs measured for this set of experiments ranged between 55.7 % and
68.1 %, that are lower if compared to EEs obtained for EUG double layer
encapsulation tests. The inclusion of ALA in the phospholipids double layer
structure is probably more difficult than EUG due to the higher molecular
weight and steric volume of ALA. Regarding the antioxidant power of
processed ALA, the results related to the inhibition of the processed
compound compared to the inhibition of the native compound, presented in
Table VI.2, show that the reduction of the inhibition property is higher at
increased ALA theoretical loadings. Inhibition reduction is 13.3, 22.6 and
62.8 % for 10, 20 and 30 % w/w in PC loaded liposomes, respectively. The
last result indicates that 30 % w/w loading in PC is particularly unfavorable.

EUG and ALA entrapped in the lipidic layer showed similar trends: a
higher inhibition reduction is detected by increasing the drug theoretical
loading, for both compounds. As a general comment, higher inhibition
reductions are observed in the case of antioxidants encapsulation in the lipid
compartment of liposome vesicles. Probably, when the molecule is confined
in the water inner core, it is better protected from external degradation
agents.

EUG loaded liposomes were observed by Scanning Electron Microscopy
(SEM). In Figure VI1.5a, liposomes loaded with EUG in the inner water core
are reported, whereas, in Figure VL.5b liposomes loaded with EUG in the
lipidic layer are shown.
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Figure VL5 SEM images of the samples (a) eugenol loaded in the inner
core at 35 °C and (b) eugenol loaded in the double lipidic layer at 40 °C.

The liposomes in Figure VI.5 present a spherical shape and a smooth
surface. The size analysis performed on SEM images confirm the liposome
mean diameters between 100 and 200 nm when EUG is loaded in the inner
core, whereas mean diameters of about 250 nm are observed in the case of
lipophilic loaded liposomes.

ALA-loaded samples are also observed by SEM for the three different
loadings, as shown in Figure VI.6.
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Figure VL.6 SEM images of the experiments (a) ALAI, loaded with 10 %
w/w (b) ALA2, 20 % w/w (c) ALA3, 30 % w/w lipoic acid at the temperature
of 40 °C

The inclusion of ALA in the lipid double layer does not modify the shape
and morphology of the produced liposomes. However, the vesicles appear
aggregated probably due to sample dehydration and metallization procedure
for microscopy observation.

To further characterize the obtained liposomes, drug release tests were
performed on liposomes loaded with 10 % w/w EUG in the inner core and in
the lipidic layer. Drug release tests were performed at 30°C and 60 °C, to
study the different release behavior of the antioxidant loaded in the water or
in the lipidic compartment (see Figure V1.7).
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Figure VL.7 Drug release tests on liposomes with inner core (a) and lipidic
layer (b) loaded with 10 % w/w eugenol/lipids
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Considering the release of EUG from the inner water core of the
liposomes, reported in Figure VI.7a, drug release performed at 30 °C (red
line) reached the plateau after about 8§ h. When the temperature was
increased to 60 °C (black line), 100 % drug release was obtained after about
3 h. Furthermore, in the test performed at 60 °C, about 80 % of the release is
obtained in the first minutes in about 0.15 h. These results indicate that these
liposomes are temperature sensitive. Increasing the temperature an increased
mobility of the lipidic membrane is probably obtained causing a faster drug
release from the inner water core to the external release medium. When EUG
is entrapped in the external liposome lipidic layer, slower EUG release rates
are observed both at 30°C and 60 °C, as it is possible to note from Figure
VL.7b. In particular, it is possible to see that the release curves follow the
same trend observed for the inner core loaded liposomes (Figure VI.7a): an
increase of the drug release rate is observed at higher temperatures, but the
release times of the drug entrapped in the lipidic layer are higher than the
ones shown in Figure VI.7a. When EUG is loaded in the lipidic layer, drug
release performed at 30 °C is completed after about 55 h, while the drug
release test performed at 60 °C is completed after about 10 h. This general
behavior is probably due to the fact that EUG molecule is confined to the
lipidic compartment of the double phospholipid membrane and, in this way,
is less available for dissolution in the external water release medium with
respect to EUG dissolved in the inner water core.

It has been verified whether SuperLip can produce liposomes loaded with
antioxidant lipophilic compounds included in the phospholipid double layer
structure and a comparison with inner core encapsulation performed,
obtaining indications about the encapsulation efficiency and reduction of the
antioxidant activity. Considering the SuperLip liposome formation
mechanism, it could be hypothesized that the lipidic drug spontaneously
distributes in the lipidic compartment of the vesicles during liposome
formation thanks to the chemical affinity with lipids and water repulsion.
The inclusion of the drug in the lipid membrane is more successful for the
antioxidant with the lower molecular weight, EUG, that was entrapped with
an overall efficiency of 86.3 %, ALA was entrapped with a maximum EE of
68.1 %. It is confirmed that encapsulation in the aqueous phase is the most
successful route to obtaining high drug entrapment -efficiencies.
Furthermore, it was also possible to better preserve the antioxidant power of
the entrapped molecules. Longer release times were obtained for the
encapsulated compounds in the lipidic layer. This result could be considered
an advantage of this location of the active compounds.
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VI.2 Oil in Water emulsions entrapped into liposomes

Lipophilic antioxidants (farnesol, limonene, linalool) were entrapped in
liposomes double lipidic compartment, using SuperLip. A novel idea of
entrapping lipophilic molecules has also been proposed: first they were
dissolved in an oil phase of an Oil in Water emulsion (O/W); then, the
emulsion is entrapped in the inner core of the liposomes. Vesicles loaded
with antioxidants in the lipidic layer showed a mean size from 116 * 32 nm
to 230 = 103 nm, with EE up to 74 % for farnesol, 87 % for limonene and 54
% for linalool; whereas, O/W entrapment in the inner core resulted in higher
mean dimensions (from 397 + 103 nm to 605 = 175 nm), and EE up to 99 %.
The reduction of inhibition power was up to 22.47 % for lipidic layer
entrapment; whereas, it was down to 1.93 % for O/W entrapment.

For this reason, 3 lipophilic antioxidant model molecules such as
limonene, linalool and farnesol were chosen to be entrapped in the lipidic
layer of liposomes, with the SuperLip process. Since only hydrophilic
compounds can be entrapped in the inner core of vesicles, lipophilic
antioxidants will be dissolved in the oil phase of an Oil in Water emulsion to
entrap the antioxidants in the inner aqueous core. A novel approach for the
encapsulation of lipidic compounds will be presented, with the aim of
preserving the antioxidant properties. The inhibition power reduction of
lipophilic antioxidants loaded in the double lipidic layer of liposomes will be
compared with the encapsulation in the inner core. Moreover, the
simultaneous entrapment of antioxidants in liposomes will be studied to
verify the effects of molecules interactions on encapsulation efficiencies and
antioxidant activity.

Despite their efficiency, antioxidants are generally characterized by high
volatility and low bioavailability and can suffer from degradation caused by
contact with oxygen, light and heat. This was thought as a way to overcome
those problems, entrapping antioxidants into liposomal drug carriers.

VI.2.1 Antioxidants lipidic layer entrapment

To preserve antioxidant properties, liposomes were employed to entrap
farnesol, linalool and limonene in their lipidic layer, i.e. in the external
lipophilic compartment of the vesicles. The chosen antioxidants are
lipophilic and not available for the entrapment in the aqueous core.

The experiments were divided into two groups: lipidic compartment and
emulsion core entrapment. For this reason, the SuperLip process was used,
setting the pressure at 100 bar, lipidic mass at 500 mg and ethanol flow rate
at 3.5 mL/min, Gas to Liquid Ratio of the Expanded Liquid at 2.4 and water
flow rate at 10 mL/min.

The first set of experiments was characterized by liposomes loaded with a
farnesol theoretical loading of 10 %, 20 % and 30 % w/w on a lipid mass
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base. The same concentration trends were also repeated for linalool and
limonene loaded liposomes, using the same process parameters. Then, the
simultaneous entrapment of linalool + limonene and limonene + farnesol
was finally attempted.

The mean diameters, polydispersion indexes, zeta potentials and
encapsulation efficiencies are reported in Table VL.3. The particles size
distributions of the 3 sets of experiments are compared in Figure VL.8.

Table VL3. Mean diameter, polydispersion index, zeta potential and
encapsulation efficiency of liposomes loaded with farnesol, limonene and
linalool in the double lipidic layer

Theoretical Mean

Compoung '08ding  Diameter  PDI [ill’gt] EE [%]
[%, w/w] [nm *SD]
10 146 + 44 0.30 -13.6 22
Farnesol 20 132 £45 0.34 -12.3 65
30 126 =35 0.27 -10.2 74
10 121 £42 0.35 -13.2 67
Limonene 20 116 £ 32 0.28 -10.9 87
30 159 £ 44 0.28 94 87
10 197 £122  0.62 -16.4 5
Linalool 20 213 £128 0.60 -10.2 36
30 230+103 045 -4.9 54
) Lin Far
Lin + Far 30; 30 81 +23 0.28 -11.4 61 70
. . Lim Lin
Lim + Lin 30; 30 121 £ 44 0.36 -8.83 90 61
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Figure V1.8 Farnesol (a), Limonene (b) and Linalool (c) loaded liposomes

at different theoretical loadings (10 %, 20 % and 30 % w/w on lipid mass
base)
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The mean diameter of farnesol loaded liposomes decreased by increasing
the farnesol theoretical loading, with values included between 146 * 44 nm
for 10 % loaded liposomes and 126 * 35 nm for 30 % theoretical loading.
The trend is confirmed by Figure VI.8a. However, the mean dimensions do
not change significantly by increasing the farnesol loading, as well as the
sample polydispersion indexes: a minimum value of 0.27 was obtained for
30 % loaded liposomes; whereas, a maximum of 0.34 was registered for 20
% farnesol/lipid ratio. The surface charge of the vesicles was characterized
by a decreasing trend from -13.6 mV to -10.2 mV, describing a general
stability of the lipidic vesicles. The encapsulation efficiency was 22 % for
the experiment performed at the lowest farnesol concentration; whereas, it
was 65 % for 20 % w/w theoretical loading and 74 % for 30 % w/w farnesol
cargo on the lipid mass base.

The second set of experiments was performed at the same operating
conditions of the first set, using the same theoretical loading of limonene on
the lipidic mass ratio. The particle size distributions are compared in Figure
VIL.8b. The liposomes average dimensions are included between a minimum
of 116 + 42 nm and 159 + 32 nm, describing a slight increase by increasing
the antioxidant theoretical loading to 30 % w/w. PDIs decreased from a
maximum of 0.35 to 0.28. In this case, the zeta potential showed a
decreasing trend from -13.2 mV to -9.4 mV. The encapsulation efficiency
was characterized by the same increasing trend obtained for the previous set,
from 67 % (10 % w/w) to 87 % (30 % w/w).

The third set was finally realized entrapping linalool inside liposomes
produced with SuperLip (Figure VL8c). In this case, a more significant
increasing trend in the liposomes mean diameters was obtained, with a
minimum of 197 + 122 nm to a maximum of 230 + 103 nm. The particles
size distributions of Figure VIL.8c are polydispersed, confirming the
decreasing trend of the PDI from 0.62 of the less concentrated sample to
0.45 produced at higher linalool concentrations. The decreasing trend is also
confirmed for the zeta potential, whose values varies from -16.4 mV to -4.9
mV, indicating a higher stability of the sample at a lower concentration (10
% w/w on lipid mass base). The encapsulation efficiencies again showed an
increasing trend by increasing the linalool theoretical loading, but the values
were significantly lower than the farnesol and limonene entrapped vesicles
(from 5 % to 54 %). This is probably linked to the molecular interactions of
the linalool loaded samples, that maybe were affected by the Wan Der Walls
forces between the lipids and not entrapped antioxidant molecules.

Since the experiments performed on the single compound entrapment
were successful using the SuperLip process, the simultaneous encapsulation
of antioxidants was attempted to verify the feasibility of an antioxidant
mixture entrapment in liposomes. Farnesol and linalool were first entrapped
into liposomes with a theoretical loading of 30 % w/w (farnesol to lipid
ratio) and 30 % w/w (linalool to lipid ratio) on the mass base. The mean
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diameter of the liposomes produced were 81 + 23 nm and the PDI was equal
to 0.28. Zeta potential was -11.4 mV; whereas, the encapsulation efficiency
was 61 % for the linalool entrapment efficiency and 70 % for the farnesol
entrapment efficiency. The two values of the encapsulation efficiencies were
detected separately since the detection peak of the two compounds are
sufficiently different. In the case of simultaneous encapsulation, the linalool
entrapment efficiency was higher than the single entrapment, varying from
54 % to 61 %. A more evident increase was obtained for the farnesol
entrapment loading from 4 % to 70 % switching from a single to
simultaneous encapsulation.

A second mixture of the antioxidants of limonene and linalool were
entrapped in the double lipidic layer of liposomes, maintaining the operating
and composition parameters of the previous experiment constant. In the
second attempt of simultaneous entrapment, the sample obtained was less
dispersed, showing a mean diameter of 121 + 44 nm, a PDI reduced to 0.36
with respect to the linalool loaded liposomes and a zeta potential of -8.88
mV. In this case, the simultaneous entrapment resulted in an increased EE of
the two compounds, that were 90 % for limonene and 61 % for linalool,
whereas they were 87 % and 54 % respectively.

VI.2.2 Emulsions inner core entrapment

The second part of this study consisted of the optimization of the
SuperLip process to increase antioxidant encapsulation efficiencies. Instead
of modifying the operating parameters such as pressure, gas to liquid ratio or
water flow rate, the entrapment of antioxidant compounds was attempted in
the aqueous compartment of liposomes. Nevertheless, the lipophilic nature
of the antioxidants such as limonene and linalool did not allow to perform
this step in the aqueous core. For this reason, the antioxidants were first
emulsified in Oil in Water emulsions and then the emulsions were processed
with SuperLip and entrapped in the inner core of the liposomes.

Limonene and linalool were first emulsified in oil in water emulsions and
then the emulsions were processed with SuperLip and entrapped in the inner
core of liposomes. Farnesol was not tested for emulsion encapsulation,
because its solubility into isopropyl myristate was negligible and also not
indicated in literature.

Limonene and linalool oil in water emulsions were produced and the
amount of antioxidant dissolved in the oil phase of the emulsion was the
same loaded in the double lipid compartment in the previous set of
experiment. In this way 10 %, 20 % and 30 % w/w theoretical loading of
antioxidant were tested. The results are reported in Table IV .4.
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Table VI.4 Mean diameters, polydispersion indexes and zeta potential of
droplets obtained by Oil in Water emulsions loaded with limonene and
linalool.

Theoretical Mean Zpot

Compound loading Diameter PDI
[%, w/w]  [um £ SD] [mV]
Limonene 10 % 41+23 0.56 -17.0
20 % 39+13 0.33 -15.1
30 % 3.7+£0.8 0.21 -16.5
Linalool 10 % 35+1.6 0.46 -14.7
20 % 34+£13 0.38 -10.1
30 % 2.5+0.8 0.33 -9.0

From Table VI.4, it is possible to observe a decreasing trend of the
droplets mean diameter, from 4.1 + 2.3 pm for 10 % w/w loaded sample to
3.7 £ 0.8 um for the 20 % w/w loaded droplets. The same decreasing trend
was obtained for the PDI of the droplets size distributions from 0.56 to 0.21
by increasing the limonene theoretical loading, related to a less dispersed
sample (Figure VI.8a). The zeta potential was again decreased from -17 mV
to -16.5 mV, but not significantly. Since the encapsulation efficiency was
measured from the supernatant of the liposomes centrifuged suspensions, it
was not measured only for emulsions, but directly from the final liposomes
in which the emulsions were then entrapped.

The second set of emulsions was obtained entrapping limonene in the oil
phase. In this case, the droplets mean dimensions showed a decreasing trend
increasing antioxidant theoretical loading, included from a maximum of 3.5
% 1.6 pm for 10 % w/w to 2.5 £ 0.8 um for 30 % w/w loaded emulsions; the
same decreasing trend was obtained for PDI from 0.46 to 0.33, resulting in a
narrower particle size distribution by increasing DLR (Figure VIL.8b).
Sample zeta potentials showed a decreasing trend from -14.7 mV to -9 mV.
These two results confirmed the trend reported for the limonene loaded
emulsions.

Optical microscope was employed to observe oil in water emulsions

before their entrapment into liposomes; an example of limonene loaded
emulsion is reported in Figure I'V.9.

93



Chapter VI

s R |
Figure IV.9 Optical image of limonene loaded emulsions

It is possible to observe that droplets have micrometric mean dimensions,
with an almost good control of particle size distribution. The emulsion is
also successfully formed and stable in the aqueous bulk.

The produced emulsions were processed with SuperLip process,
maintaining the process conditions: pressure set at 100 bar, temperature at 40
°C, Gas to Liquid Ratio of the Expanded Liquid at 2.4, water flow rate at 10
mL/min and ethanol flow rate at 3.5 mL/min.

To study the effect of liposomes in SuperLip process and its
rearrangement in the formation vessel, an empty oil in water emulsion was
prepared and then processed in SuperLip to create liposomes loaded with
empty emulsions.
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Figure IV.10. Particle Size Distributions of empty oil in water emulsion (a)
and empty emulsion loaded liposomes produced with SuperLip (b)

From Figure IV.10 it was possible to affirm that the re-assemblement of
emulsions in SuperLip process was confirmed, obtaining droplets at sub-
micrometric and nanometric level, with a narrower particle size distribution.
The hypothesized phenomenon was not affected by the antioxidant
entrapped in the emulsions, but by fluid dynamics. In details, the
mechanisms involved in particle re-arrangement could be affected by several
parameters, such as the Gas to Liquid Ratio of the liquid phase in the
receiving medium (Ochowiak, 2012), turbulent shear forces and viscosity of
the medium (Perrier-Cornet et al., 2005). In particular, increasing the
viscosity of the system, a mitosis-like jet disruption occurs (Floury et al.,
2000). Moreover, high pressure jet technique is already commonly used to
obtain emulsion droplets at nanometric level; the higher is the energy density
(Karbstein, 1995) of the atomization due to nozzle micrometric diameters
and high pressure, the smaller the droplets (Marie et al., 2002). A

95



Chapter VI

corroborative explanation of this theory is linked to the use of a surfactant in
the prepared emulsions, stabilizing emulsions droplets during jet break up,
avoiding their coalescence (Dickinson and Whyman, 1996).

The produced emulsions were fed as aqueous solutions to the SuperLip
process, maintaining the ratio between the mass of the antioxidant entrapped
in the liposomes and lipids employed in the process. The SuperLip process
conditions were repeated as in the first set: the pressure set at 100 bar, the
temperature at 40 °C, the Gas to Liquid Ratio of the Expanded Liquid at 2.4,
the water flow rate at 10 mL/min and the ethanol flow rate at 3.5 mL/min.

Table VL5 Mean diameter, polydispersion index, zeta potential and
encapsulation efficiency of liposomes loaded with limonene and linalool in
the inner core

Theoretical Mean Zpot
Compound loading Diameter PDI [mV] EE [%]
[%, wiw] [nm % SD]

10 % 655 +218 0.33 -9.8 93
Limonene 20 % 492 £+ 148 0.30 5.1 91
30 % 397 +£103 0.26 4.5 92
10 % 424 + 165 0.39 -5.1 96
Linalool 20 % 521 +167 0.32 -4.3 97
30 % 605 =175 0.29 2.2 99

99 9

Lim+Lin 30%+30% 489+117 0.24 -0.4 Lim Lin
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Figure VI.11. Limonene (a) and Linalool (b) loaded emulsions entrapped in
the inner core of liposomes

Analyzing the data of Table VLS5 in detail, a first major observation is
that the liposomes mean diameters were significantly smaller than the
droplets average mean size. The mean size of the emulsion droplets were
reduced during the atomization of the aqueous feeding inside the SuperLip
formation vessel, due to the high pressure of the process involved in the jet
break-up phenomena. Once atomized in the vessel, the emulsion was
subjected to a rearrangement with the formation of oil droplets of sub-
micrometric dimensions in a water bulk. Since in the formation vessel
phospholipids are also present, sub-micrometric liposomes were obtained
containing the atomized emulsion inside the aqueous core of the vesicles.
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The limonene loaded vesicles had a decreasing mean diameter from 655 +
218 nm to 397 + 103 nm, with a decreasing trend of PDI from 0.33 to 0.26.
The linalool loaded samples show an increasing trend from 424 + 165 nm to
605 + 175 nm; whereas, a decreasing trend was obtained for PDI from 0.39
to 0.29. The different trend of the two samples is probably dependent on the
molecular interactions with the lipids; the particle size distributions of the
two sets of experiments are compared in Figure VL.11. The simultaneous
encapsulation of both emulsions into liposomes resulted in the production of
a population of 489 + 117 nm with a PDI of 0.24.

Another interesting datum that needs to be commented is the variation of
the zeta potential values from the emulsions to liposomes. The surface zeta
potential of the limonene emulsions was between a minimum of -17 mV and
-15.1 mV; whereas, they were between -9.8 mV and -4.5 mV for
liposomes. The same data were obtained for linalool: the zeta potential of the
droplets was between -14.7 mV and -9 mV; whereas, it was between -5.1
mV and -2.2 mV for liposomes. This is due to the fact that the droplets were
entrapped inside the liposomes double lipidic layer, confirming the variation
of the surface charge of the particles. The structure of the sample was
modified by SuperLip processing, and the significant variation for the
production of lipidic vesicles. The variation of the zeta potential could be an
important indication of the effective entrapment of antioxidants inside the
liposomes.

Regarding the encapsulation efficiencies, the limonene emulsified loaded
liposomes retained 93 %, 91 % and 92 % respectively for 10 %, 20 % and 30
% w/w antioxidant theoretical loading on the mass base; whereas, EE was 67
%, 87 % and 87 % for the lipidic layer entrapment. Analogously, the linalool
loaded vesicles showed an encapsulation efficiency of 96 %, 97 % and 99 %
for 10 %, 20 % and 30 % antioxidant theoretical loading on the lipid mass
base; whereas, it was 5 %, 36 % and 54 % for the double lipidic entrapment.
Finally, the simultaneous entrapment of limonene and linalool resulted in an
EE of 99 % for both compounds; whereas, it was 90 % (limonene) and 61 %
(linalool) in the case of the lipidic compartment encapsulation. Even if the
EEs were higher than conventional methods when entrapped in the lipidic
layer, they were much higher when encapsulated in the inner core using the
novel method of emulsion entrapment.

The effect of the SuperLip process on the morphology of lipidic samples
was verified using Field Emission Scanning Electron Microscope (FE-SEM).
Figure VI1.12 reports lipidic layer and inner core loaded liposomes; whereas,
Table VI.10 regards the optical observation of emulsions (optical
microscope) and its inner core encapsulation in liposomes (FE-SEM),
respectively.
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Figure VI.12 FE-SEM images of double lipidic layer loaded liposomes
containing (a) farnesol and (b) limonene, and inner core loaded liposomes
containing limonene (c).
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As reported in Figure VI.12, liposomes are characterized by nanometric
and sub-micrometric dimensions, showing a spherical and smooth surface.
The distribution of the vesicles is homogenous. The proposed images of
farnesol (Figure VI.12a) and limonene (Figure VI.12b) loaded samples do
not show any significant differences by varying the entrapped compound.

Regarding Figure VI.12¢, liposomes have a smooth and spherical surface
and the vesicles distribution is still homogenous. The high polydispersion
index observed in liposomes loaded with 10 % w/w limonene (on the mass
base) is probably due to the interaction between the antioxidant molecule
and lipids, that in case of low drug concentration resulted in a wider lipid
aggregation phenomena. The aggregation of liposomes could also be due to
the preparation of stubs followed by metallization pre-processing for
microscopic observations (dried samples). The aggregation phenomena are
not evident in optical images since the observation happens in a liquid bulk
and the sample was opportunely diluted before observation.

It was possible to observe how the encapsulation efficiencies were higher
in the case of Oil-in-Water entrapment into liposomes than in double lipidic
layer encapsulation. On the other hand, the encapsulation of O/W emulsions
in the inner core resulted in many advantages in the production process,
such as the preservation of the integrity of the molecules, protected by layers
of lipids, as already obtained in a previous study with SuperLip (Trucillo et
al., 2018c). A compound entrapped in the external lipidic layer is easily
exposed to degrading agents such as high pressures of the system. By
entrapping molecules in the inner core, they have more chances to arrive
integrally at the target delivery site. To verify this hypothesis, the reduction
of the inhibition power was measured in order to establish if the antioxidant
activity is better preserved after the entrapment in the inner core than the
lipidic layer. The inhibition reduction of the antioxidant power was
measured for each sample produced with SuperLip and loaded in the inner
core or double lipidic layer. A summary of the results obtained is reported in
Table VI.6.
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Table VI.6 Antioxidant activity test performed on the chosen antioxidants in
different compartment of the produced liposomes

Theoretical Reduction of the
Compound loading Compartment Inhibition Power, %
[%, w/w]
10 4.32
20 Lipidic layer 10.26
. 30 14.60
Linalool 10 1.93
20 Aqueous core 3.32
30 7.90
10 13.11
20 Lipidic layer 12.87
Limonene 30 12.42
10 2.63
20 Aqueous core 4.01
30 3.85
. Limonene Linalool
Ll{‘?"nlenel " 30 Lipidic layer 8.43 7.21
1naloo Aqueous core 4.19 2.04
Farnesol 10 16.78
20 18.86
30 Lipidic layer 22.47
Farnesol + 30 Farnesol Linalool
Linalool 7.40 3.02

Looking at Table VL.6, it is possible to observe how linalool entrapped in
the double lipidic layer showed an inhibition reduction of the antioxidant
power from a minimum of 4.32 % to a maximum of 14.60 % for the higher
antioxidant concentrations (increasing trend). The same increasing trend was
observed for linalool emulsions entrapped in the inner core, but the average
inhibition power reduction was much lower than the lipidic layer, from a
minimum of 1.93 % to a maximum of 7.90 % for the highest antioxidant
concentration.

Similarly, limonene entrapped into the lipidic layer showed an almost
stable behavior by increasing the antioxidant concentration, from 12.42 % to
13.11 %; whereas, emulsion entrapment guaranteed an inhibition reduction
from 2.63 % to 4.01 %, increasing drug concentration.

Analogously, farnesol entrapped in the lipidic layer had an inhibition
reduction from 16.78 % to 22.47 %, confirming the increasing trend and the
higher molecule degradation in the case of double lipidic entrapment. The
simultaneous entrapment of linalool and farnesol in the lipidic layer resulted
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in an inhibition power reduction of 7.40 % for farnesol and 3.02 % for
linalool.

Regarding the simultaneous encapsulation tests, the antioxidant power of
the compounds entrapped in the lipidic layer was reduced to 8.43 % for
limonene and 7.21 % for linalool, lower than single double layer entrapment.
Moreover, the inhibition reduction of emulsion simultaneous entrapment was
even lower: 4.19 % for limonene and 2.04 % for linalool.

A general comment on these results could be that, since the compounds
entrapped in the lipidic layer are directly in contact with the expanded liquid,
the effect of high pressures could cause molecule degradation phenomena
due to turbulences created in the system. The entrapment in emulsions
loaded in the inner core of liposomes better preserved the compounds,
during production.

The SuperLip process was employed to produce liposomes of nanometric
and sub-micrometric dimensions loaded with antioxidants and mixtures of
them. Farnesol, linalool and limonene were chosen for their lipophilic
nature; for this reason, the only possible compartment for liposome
encapsulation was the lipidic layer. However, to enhance the encapsulation
efficiency and better preserve the inhibition power, the antioxidants were
entrapped in Oil in Water emulsions and the emulsions were loaded in the
inner core of the liposomes.

Regarding single compounds, the encapsulation efficiencies were
significantly increased from the lipidic entrapment to emulsion loading, up
to 92 % for limonene and 99 % for linalool. The EE of limonene and linalool
was increased to 99 % for both compounds in the case of simultaneous
emulsion entrapment. The SuperLip process did not cause antioxidant
molecules to denaturate, especially for emulsion entrapped liposomes, with
an inhibition reduction of 1.93 % for linalool and 2.53 % for limonene.

More studies on the mean diameters, encapsulation efficiencies and
inhibition power stability will be performed on vesicles produced with
SuperLip. Comparisons will be also provided with conventional methods.
Drug release tests among double lipidic layer and emulsion entrapment will
be also performed.
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Polyphenols are compounds largely available in nature; for example,
vegetables, cereals and fruit have a high content in polyphenols (Pandey and
Rizvi, 2009). These compounds are generally produced by the secondary
metabolism of plants (Beckman, 2000). In general, they are found in
different quantities in cellular and sub-cellular plant tissues; in particular,
water soluble phenolic compounds generally occur in cell vacuoles (Wink,
1997). Phenolics can be divided into flavonoids (Terahara, 2015), phenolic
acids (Vinayagam et al., 2016), stilbenes (Likhitwitayawuid, 2008) and
lignans (Adlercreutz and Mazur, 1997).

The food industry uses phenolic compounds as additives to cover
bitterness, to add color, flavor as well as to protect products against
oxidative stress (Papuc et al., 2010, Reverchon et al., 1994). Moreover,
polyphenols are frequently added to human diets (Manach et al., 2004)
because they can have beneficial bioactive properties for humans (Cevallos-
Casals and Cisneros-Zevallos, 2010). They are used to prevent
cardiovascular and heart diseases (Scalbert and Mazur, 2002), cancer
(Sancho and Mach, 2015), type 1 and type 2 diabetes (Solayman et al., 2016,
Dragan et al., 2015), osteoporosis (Hagiwara et al., 2011) and neuronal
illnesses (Scarmeas et al., 2006). Anti-aging (Harman, 2006, Biesalski,
2002), anti-viral (Eichhorn et al., 1985) and antimicrobial (Daglia, 2012)
activities are also recognized for many polyphenols, according to their
antioxidant powers (Vissers et al., 2004), that help to inhibit degenerative
body processes (Mantovani et al., 2008). Olive and olive oil by-products are
well-known resources of natural phenolic compounds. In particular, olive
pomace has been identified as an inexpensive source of phenolic compounds
(Aliakbarian et al., 2012, Aliakbarian et al., 2011, Palmieri et al., 2012).

However, polyphenols are extremely volatile, unstable, and sensitive to
light (Gellerstedt, 1975, Barth et al., 1994), heat (Sauvage et al., 2010) and
oxygen (Volf et al.,, 2014, De Leonardis et al., 2013). The antioxidant
property of polyphenols (Fang and Bhandari, 2010) can be preserved, by
enhancing their stability (Volf et al., 2014), bioactivity (Taamalli et al.,
2012) and bioavailability (Williamson and Manach, 2005) using polymer
carriers.

The technologies commonly used to perform polyphenols encapsulation
are spray drying (Desai and Park, 2005, Paini et al., 2015a), coacervation
(Gouin, 2004), co-crystallization (Deladino et al., 2007), yeast encapsulation
(Blanquet et al., 2005), and microcapsules and membranes entrapment (Paini
et al., 2015b, De Marco et al., 2017). However, these conventional processes
suffer from several drawbacks related to high process temperatures, low
polyphenols encapsulation efficiencies and difficult control of the particle
size distribution.

The aim of this part of the work is to apply SuperLip to the encapsulation
of aqueous phenolic compounds extracted from olive pomace, for
nutraceutical purposes. The advantage of SuperLip in the encapsulation of
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this extract is linked to the possibility to work at mild operating conditions,
crucial in the preservation of these temperature sensitive compounds.
Furthermore, this process allows for the continuous production of stabilized
water liposome suspensions with a good control of liposome dimension, also
at nanometrical level. The effects of some process parameters such as
operating pressure, injector diameter, phenolic compounds loading on the
encapsulation efficiency, liposomes morphology and diameters were studied.
A conventional thin layer hydration method was also used to encapsulate
phenolic compounds from olive pomace and the results are compared with
those obtained using SuperLip.

For the first time in the SuperLip process, a natural extract is directly
atomized to generate a liposome inner core. The operating pressure was set
at 130 bar and temperature was fixed to 40 °C in the homogenizer and in the
formation vessel. A 60 pm injector diameter was used for water atomization.
The water extract of the olive pomace, obtained by the HPHT extractor, have
a TP concentration of 2.6 + 0.1 mgCAE/mL. The water flow rate was set at 5
mL/min for all the experiments.

Liposomes suspensions loaded with olive pomace extract were
successfully obtained. The increase of the extract flow rate allowed to
atomize the olive pomace water solution without any nozzle blockage. A
minor flow rate facilitated the deposition of solids causing the fouling of the
nozzle. The liposomes produced, operating in this way, were characterized
by a mean diameter of 13476 nm. Experiments at 10, 15 and 20 % of
TP/PC were conducted. The experiments were performed successfully
producing stable liposome suspensions. However, at the end of the
experiments at higher TP/PC loadings (15 and 20%), a partial occlusion of
the nozzle was observed.

In the experiments presented in Table VII.1, the liposomes showed mean
dimensions between a minimum of 148 + 59 nm and a maximum of 250 *
100 nm; the mean size of the vesicles increased with the increase of the
theoretical loading of olive pomace extract. PDIs ranged between a
minimum of 0.37 to a maximum of 0.40, increasing the drug theoretical
loading. This means that at higher bioactive compounds, the loading of
liposomes larger dispersions were obtained, as also shown in Figure VIIL.1,
where the PSDs of the liposomes loaded upon increasing the content of the
olive pomace were compared.
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Table VII.1 Mean diameter (MD),

phosphatidylcholine (TP/PC).

standard deviation (SD) and
polydispersion index (PDI) of liposomes produced using SuperLip and thin
layer hydration method, used for comparison purpose, loaded with 5 %, 10
%, 15 % 20 % mg olive pomace total polyphenols per mg of

Pressure Injector TP/PC MD EE [%]
[bar] diameter PDI
[um] [%, w/w] [nm + SD]
5 134 £50 44.9 44.9
10 148 +£59 479 479
130 60
15 210+ 84 49.0 49.0
20 250100 50.3 50.3
5 245 +76 342 342
10 260 £ 91 45.0 45.0
130 80
15 264 + 98 56.7 56.7
20 265101  58.1 58.1
5 165 £ 26 25.4 25.4
10 171 £ 31 40.9 40.9
170 80
15 185 +46 44.9 44.9
20 199 =52 45.5 45.5
Thin layer hydration 15 50+8 0.18 10.1
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Figure VIL.1 Frequency distribution curves of olive pomace loaded
liposomes at 130 bar and using 60 um injection diameter

The general observed effect was an increase of the liposome diameter
with the increase of TP/PC loading. This effect can be explained considering
that at higher concentrations of extract also correspond increased viscosity
and density of the solution. These properties of the atomized fluid play an
important role in the efficiency of the atomization process. Higher fluid
cohesive forces generally determine larger droplets production (Manna et al.,
2017).

FE-SEM was used to confirm mean size and morphology of the vesicles
produced with SuperLip. As an example, a 5 % TP/PC loaded liposomes FE-
SEM image is reported in Figure VIL.2.
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Figure VIL2 FE-SEM image of liposomes loaded with 5 % mg total
polyphenols from olive pomace per mg of phosphatidylcholine (TP/PC),
produced at 130 bar using a 60 um injector.

As shown in Figure VII.2, liposomes are characterized by a spherical
shape and a slightly smooth surface. The mean dimensions measured using
specialized software on SEM image, confirmed the values reported in Table
VIL.1.

A second set of experiments was performed using a larger nozzle
diameter of 80 um, all the other process parameters were maintained
constant. This choice was made in order to try to avoid nozzle fouling
problems. At a 60 pm nozzle diameter and with the higher water flow rate of
5 ml/min, the extract was processed successfully but a partial deposition of
solid residue was observed on the nozzle surface. This condition did not
compromise the experiment but is still not desirable. The same set of
experiments, with different TP/PC loadings, was performed. The
experiments were performed successfully and no nozzle fouling was
observed at the end of the experiment.

As shown in Table VIIL.1, the increase of the injector diameter produced
liposomes with larger average diameters. The mean diameters ranged
between a minimum of 245 + 76 nm to a maximum of 265 + 101 nm. As
observed for the liposomes produced with the smaller nozzle, also in this
case, the polydispersion index slightly increased from a minimum of 0.31 to
a maximum of 0.38 when TP/PC increased from 5 to 20 %. In this case, the
mean dimensions of the liposomes were practically constant; however, the
distribution curves are narrower than the 60 um produced samples. The
effect of the nozzle diameter can be explained considering that larger nozzle
diameters generally generate larger droplets during the atomization process.
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For this reason, the produced liposomes are characterized by increased mean
diameters.

Characterization of the size and morphology of the liposomes produced
with SuperLip using an 80 um injector was also performed using FE-SEM.
An example of the vesicle image is reported in Figure VIL.3 for the sample
produced at 130 bar using a nozzle of 80 um for 5 % TP/PC ratio.

Mag = 35.00 KX

Figure VIL3 liposomes loaded with 5 % mg total polyphenols from olive
pomace per mg of phosphatidylcholine (TP/PC)

The increase of the nozzle diameter allowed to obtain a good
processability of the extract, but an increase of the liposomes mean
diameters was observed. In order to try to reduce the liposome dimensions
and have a better control of the particle size distributions, another set of
experiments was performed increasing the formation vessel pressure to 170
bar, all the other operating parameters remained unchanged.

Liposomes with mean diameters in the range from 165 + 26 nm and 199
+ 52 nm with PDI from 0.16 to 0.26 were obtained. In particular, looking at
the results for different TP/PC % as reported in Figure VIIL.4, increasing the
theoretical loading of TP, the mean diameter, increased from a minimum of
165 £ 26 nm for 5 % w/w TP/PC to a maximum of 199 £ 52 nm for 20 %
w/w TP/PC. The polydispersion indexes increased from a minimum of 0.16
for the lowest TP/PC ratio to 0.26 for the highest ratio. Summarizing these
results, the increase of the operating pressure produced smaller liposomes
with a narrow PSD. In this case, there is a double positive effect of the
pressure and water injector nozzle on vesicles formation. The increase of the
pressure produces a significant effect on the decrease of the mean diameter
and control of PSD. The simultaneous positive effects of the pressure
increase (Espirito Santo et al., 2015b) and the use of a larger nozzle allowed
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for a better control of the water droplets atomization and, as a consequence,
of the PSD of liposomes loaded with olive pomace extract (Espirito Santo et
al., 2014a).
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Figure VIL4 Frequency distributions curves of olive pomace loaded
liposomes at 170 bar and 80 um injection diameter

A FE-SEM image of the liposomes produced at 170 bar is reported in
Figure VIL.S5 and allows to qualitatively compare these vesicles with those
produced at a lower pressure.

6| 00 om Mag = 30.00 KX

Figure VILS FE-SEM image of liposomes loaded with 5 % mg total
polyphenols from olive pomace per mg of phosphatidylcholine (TP/PC)
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The FE-SEM image confirms that mean diameter of the liposomes is
smaller when the vesicles are produced at a lower pressure.

The samples prepared with SuperLip at the bioactive compounds loading
of 15 % w/w were compared with liposomes produced using the thin layer
hydration method. Olive pomace extract was diluted in water to obtain a
theoretical olive pomace loading of 15% with respect to the lipid content.
The results are shown in Table VIL.1. The general problem, related to the
use of a conventional method, is the production of vesicles generally larger
than 10 pm if post-processing steps such as sonication or extrusion are not
added. In this particular case, the experiment at 15 % TP/PC loaded
liposomes resulted in the production of vesicles with a diameter of 50 *+ 8
pum with a PDI of 018; i.e. more than 350 times larger than the liposomes
produced using SuperLip at the same theoretical loading. These larger
liposomes did not maintain their stability over time, due to vesicles
aggregation; therefore, the mean diameter modified with time and drug
leakage was obtained during storage (Nedovic et al., 2011).

Liposomes produced using the 60 pm nozzle working at 130 bar showed
a slight increase of the EE percentage by increasing the ratio of TP/PC. TP
encapsulation efficiencies ranged between 44.9 % and 50.3 % for this set of
experiments. Using an 80 um nozzle and working at the same pressure, the
trend is confirmed, by increasing the bioactive compounds loading.
However, in this case, the range of TP encapsulation efficiency is wider,
from a minimum of 34.2 % to a maximum of 58.1 %. Looking at the set of
experiments performed at 170 bar, TP content entrapped by liposomes also
increased when increasing the TP/PC theoretical loading from a minimum of
25.4 % to a maximum of 45.5 %. Comparing the results obtained, the
injector diameter had no significant effect on EE. The only remarkable effect
on the TP encapsulation efficiency was due to the TP/PC total loading.
Considering the experiments performed at the same injector diameter but at
different pressures, a slight effect of pressure on EE can be observed. In
particular, upon increasing the operating pressure, a slight reduction of EE
can be noted. In this case, an increase of EE can be obtained by increasing
the TP/PC loading. Figure VII.6 highlights the main effect of the TP/PC
loading and pressure effect on EE.
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Figure VIL.6 TP/PC % effect on encapsulation efficiency reported as a
function of the pressure

As a final comparison, conventional loaded samples had an EE of 10.1 %
of TP, much smaller than the vesicles produced directly using SuperLip
(Campardelli et al., 2016c).

It was demonstrated that SuperLip can be successfully used for the
production of liposomes entrapping polyphenolic compounds extracted from
olive pomace. A good compromise between particle size and encapsulation
efficiency was achieved. Liposomes of 265 + 101 nm mean diameter
entrapped up to 58.1 %. The systematic study of the SuperLip operating
parameters showed the simultaneous effects of a larger nozzle diameter and
higher working pressure on the control of PSDs.

It is also worth considering the encapsulation efficiency: it is not high as
generally obtained using SuperLip. The encapsulation of the polyphenols
contained in olive pomace remains extremely difficult because the natural
extract contains a lot of different compounds. However, the encapsulation
results obtained in this study are 6 times higher than those reported in current
literature (Atefe et al., 2018).
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Chapter VIII
VIII.1 Antibiotics for ocular delivery

The human eye has a complex anatomy and the delivery of drugs to
targeted ocular tissues is restricted by various precorneal, dynamic and static
ocular barriers (Meisner, 1995). Ocular drug systemic delivery suffers from
the difficulty of reaching the specific target of ocular tissue. For this reason,
topical delivery is preferred and can be directly performed by patients
(Gulsen and Chauhan, 2004, Le Bourlais, 1998).

Cyclodestrins have been used as ocular drug carriers for hydrophilic
molecules, but drug leakage occurs. Other side effects include ocular
irritation, redness and inflammation (Mannermaa et al., 2006). Emulsions for
ocular delivery are preferred in water/oil formulation (Chan et al., 2007,
Vandamme, 2002), because less irritation and better tolerance of the eye has
been observed (Liang et al., 2008). Mucoadhesive polymers such as chitosan
have been introduced to improve pre-corneal residence time (Yamaguchi et
al., 2009). Other conventional drug carriers developed for topical ocular
delivery are suspensions and ointments. To overcome the problems related to
the direct administration of ocular drugs, nanocarriers have been proposed
that can assure reduced eye tissues irritation, a better bioavailability as well
as a better biocompatibility with the eye cells. The most widespread
examples of nanodrug carriers (Salgado et al., 2017) for ocular delivery are
nanomicelles (Vaishya et al., 2014), colloids (Popowchak et al., 1996),
dendrimers (Kalomiraki et al., 2016, Spataro et al., 2010), gels (Patel et al.,
2016, Mundada and Avari, 2009), microneedles (Khandan et al., 2016,
Khandan et al., 2012) and liposomes (Chen et al., 2016, Dong et al., 2015,
Niesman, 1992).

Liposomes are particularly indicated for topical ocular drug delivery due
to their biocompatibility. They are artificial vesicles formed by an inner
water core, surrounded by an external double lipidic layer. Their similarity to
human membrane cells, along with the amphoteric behavior of
phospholipids make it possible to encapsulate both hydrophilic and
lipophilic compounds. Liposomes show good efficacy in delivering drugs to
the posterior and anterior segments of the eye tissues. For this reason, they
are considered the most valuable eye drug delivery systems (Zhang et al.,
2009, Bochot et al., 2000, Lajunen et al., 2014, Sasaki et al., 2013).

Ampicillin and ofloxacin, antibacterial drug used to stop ocular post-
surgery infections, are often delivered using liposomes. (Liu et al., 2010,
Guliy et al., 2005, Kim et al., 2001, Luo et al., 2013, Navaratnam and
Claridge, 2000). However, encapsulation efficiencies (EE) in liposomes
produced using conventional techniques, reported in current literature, are
low (Furneri et al., 2000, Pardue and White, 1997). For example, ofloxacin
encapsulation efficiency in multilammellar micrometric liposomes ranging
between 53 and 65% was reported by Hosnoy et al. (Hosny, 2009) using the
thin layer hydration method. Similar results were reported in the case of
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ampicillin encapsulation into liposomes, using the same production method,
with encapsulation efficiencies in the range from 10 to 50% (Schumacher
and Margalit, 1997).

Therefore, the aim of this section is to attempt the encapsulation of
ofloxacin and ampicillin into liposomes using SuperLip. The process
parameters, such as water flow rate and drug concentration have been
studied to obtain high EE, and the correlation between these process
parameters, size and drug EE of the vesicles has been proposed. Storage
stability and drug release kinetics have also been performed.

The effect of the lipid to water ratio (PC/H,O) on the mass base was
studied. For these experiments, all the previously described operating
parameters were already optimized. However, to obtain a different PC/H,O
ratio, different water flow rates were used. Ofloxacin theoretical loading of
1% w/w was adopted. The data are listed in Table VIII.1, along with the
liposomes mean diameters and encapsulation efficiencies for ofloxacin
loaded liposomes production.
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Table VIII.1 Mean diameter (MD), standard deviation (SD) and
encapsulation efficiency (EE) of liposomes loaded with 1, 3 and 6 % w/w
ofloxacin (OF), a different PC/H,O ratios and water flow rates

Ofloxacin Water
theoretical PC/H0 Flow MD EE  Zeta potential
loading [mg/g] Rate [nm]+*SD [%] [mV]
[wiw, %] [mL/min]
1.7 10.00 281+194 0 -15.7
21 8.57 325110 0 -12.2
1 4.2 4.28 331+234 29 -14.4
83 2.14 670+235 54 214
25 0.70 1760£792 86 -27.9
1.7 10.00 202+125 20 -14.4
21 8.57 295+112 20 -15.1
3 4.2 4.28 328+115 69 -14.7
83 2.14 750+188 94 -25.1
25 0.70 1150+518 95 -35.7
1.7 10.00 275+ 125 20 -16.5
2.1 8.57 275+103 20 -15.5
6 4.2 4.28 3254223 60 -16.2
83 2.14 770+188 90 -38.1
25 0.70 1523694 97 -39.4

116



Encapsulation of antibiotics

-

=]

L]
T

= 80+

&

- 60 |

S 40 =

A —42
20 =

o 1 2 3
Diameter, pum

Figure VIIL1. Cumulative distributions curves for 1 % w/w ofloxacin
loaded liposomes, produced at different PC/H,0 ratios

As reported in Table VIIL.1, these experiments were largely successful.
A first observation is possible: when higher PC/H,0 ratios were used, more
concentrated liposomes samples were collected. Considering the results
reported in Table VIIIL.1, there is a significant increase of the mean size of
the liposomes upon increasing the PC/H,O ratio from 1.7 to 25 mg/g. In
particular, 1% w/w ofloxacin loaded liposomes showed mean diameters
between 281£194 nm for 1.7 mg/g PC/H,0 ratio and 1760£792 nm for 25
mg/g PC/H20 ratio. The effect of this parameter on the PSD curves is
plotted in Figure VIIL1.

It is possible to observe that increasing PC/H,0, an overall enlargement
of liposome size distribution was obtained. For ratios lower than 4.2 mg/g,
only a slight increase of PSD was noted. The effect on MD can be due to the
different water flow rate used in these experiments that can influence the
atomization regime inside the formation vessel. At the highest water flow
rate (10 mL/min), the Reynolds number (Re) at the exit of the injector is
higher than 106, whereas for the lowest water flow rate of 0.70 mL/min Re
is about 104. In the first case, the jet break up is in the full atomization
regime; whereas, in the second case the jet break up regime is defined as
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second wind induced (Reitz, 1978). In the full atomization region (at 10
mL/min), the drop size is largely smaller than the jet diameter. As a
consequence, the mean liposomes diameter is nanometric. At the lowest
water flow rate, the atomization regime is near the second wind (Faeth,
1990). In this case, the drop sizes are not significantly smaller than the jet
diameter, resulting in micrometric liposomes.

However, the most relevant effects are related to the EE. The best results
in terms of EE were obtained at high PC/H,O ratios. For 1.7 and 2.1 ratios, it
is near to zero; EE increased to 54 % at a ratio of 8.3 and at 86 % for 25
ratio. The general trend observed was a large increase of EE with the
increment of the quantity of the phospholipids available per unit of water
volume.

Considering these results, the EE tests were also repeated for other
percentages of ofloxacin theoretical loadings (3 % and 6 % w/w).
Experiments at 3 % and 6 % w/w, with different water to lipid ratios were
performed, while leaving all the other operating parameters constant. The
results are reported again in Table VIIL.1. For 3 % loading, the mean
diameter of the liposomes was included between a minimum of 202125 nm
to a maximum of 1150518 nm. For 1 % loaded liposomes, increasing the
PC/H,O ratio, a general enlargement of the liposome mean size was
observed. In addition, the encapsulation efficiency increased when
increasing the PC/H,O ratio from a minimum of 20 % at PC/H,O of 1.7
mg/g to a maximum of 95 % at 25 mg/g of PC/H,O ratio. The same effect
was also observed for 6 % w/w ofloxacin loaded liposomes, with the mean
diameters increasing from 275+125 nm to 1523+694 nm, when the PC/H,O
ratio from 1.7 to 25 mg/g was increased. In this case, the ofloxacin
encapsulation efficiency also increased from a minimum of 20 % for the
lowest PC/H,0 ratio to a maximum of 97 % for the highest PC/H,O ratio.

Comparing all the results obtained, the encapsulation efficiency always
enlarged by increasing the drug to lipid ratio. In particular, the PC/H,O ratio
25 mg/g allowed to obtain almost total drug entrapment in the liposomes.
The EE results of the set of experiments performed at different PC/H,O
ratios and different ofloxacin loadings are graphically reported in Figure
VIIL.2.
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Figure VIIL2 Encapsulation Efficiencies comparison at different ofloxacin
theoretical loadings and different PC/H,0O ratios

The general explanation of these results is that at higher PC/H,O ratios, a
larger amount of lipids per volume of water is available, and this condition
enhances the coverage of the droplets, resulting in higher encapsulation
efficiencies. Furthermore, looking at Figure VIIL2, an EE dependency on
ofloxacin theoretical loading can be also observed. Using 1 to 3 %
theoretical loadings, there was a significant increase of EE values; a further
increment to 6 %, did not lead to any significant EE improvement.

The positive effect of the PC/H,0 ratio on the encapsulation efficiency
can be also explained considering that the high PC/H,0 ratio were obtained
in correspondence with the smallest water flow rate. In this case, the mean
velocity of the water droplets at the exit of the nozzle was reduced and the
water droplets flying time was increased. The greater contact time between
the atomized water droplets and phospholipids improved the droplet lipid
coverage, resulting in a higher ofloxacin EE.

At this point of the work, the positive results obtained for ofloxacin
encouraged to try to improve the ampicillin encapsulation in the liposomes
with 1 % w/w theoretical loading, in the hydrophilic water core of the
vesicles using a PC/H,0O ratio of 25 mg/g. Ampicillin loaded liposomes were
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successfully produced, with a mean diameter of 313 + 143 nm and a large
improvement of the encapsulation efficiency: ampicillin EE equal to 99%.
was obtained. This test demonstrated that the operating conditions used for
the ofloxacin loaded liposomes can be successfully applied for the
encapsulation of ampicillin and probably of other antibiotics.

As a further confirmation of versatility of SuperLip in entrapping ocular
delivery antibiotics, another experiment was performed, for the simultaneous
entrapment of ampicillin and ofloxacin, with 1 % w/w theoretical loading for
both drugs.

Liposomes loaded with both ampicillin and ofloxacin showed a mean
diameter of 957 + 335 nm. This value is included between the mean sizes of
single drug loaded liposomes. The encapsulation efficiencies for the two
compounds simultaneously entrapped in the vesicles are 86 % for ofloxacin
and 99 % for ampicillin, these values reflect the EE of the vesicles loaded
only with ampicillin or ofloxacin under the same conditions. This means that
the simultaneous entrapment of both compounds did not modify the
encapsulation efficiency of the single drug.

A TEM image of the liposome loaded with ofloxacin produced using
SuperLip is shown in Figure VIIL.3. The vesicles are unilamellar and their
lipidic double layer can be observed. The liposome mean dimension is in the
range of the measures obtained using the DLS technique and gives a cross
confirmation of the results.

Figure VIIL.3 TEM image of ofloxacin loaded liposomes
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The zeta potential of the produced suspensions was measured for the
samples loaded with ofloxacin, for all the drug concentrations previously
considered. The zeta potential was in the range of stable vesicles and
increased with the increase of PC/H,0O ratio. The maximum value of the zeta
potential was obtained at 25 mg/g PC/H,0 ratio for each drug concentration.
In particular, at 25 mg/g of PC/H,O ratio the zeta potential value of the
liposome suspension was -27.9, -35.7 and -39.4 mV for the 1%, 3% and 6%
w/w ofloxacin loading respectively. This means that more stable liposomes
were produced when a higher lipid to water ratio was used. Furthermore, the
zeta potential mean value increased with the increase of the drug loading
from 1% to 6% w/w; the same trend was also confirmed for ampicillin
loaded vesicles, that showed a mean zeta potential between -16.2 mV for 1.7
PC/H,O ratio and -54.5 mV for 25 PC/H,O ratio. In conclusion, lipid
vesicles with higher PC/H,O ratio and higher drug loading are characterized
by an increased surface charge and better suspension stability.

Drug release tests at 37 °C were performed for ampicillin and ofloxacin
vesicles loaded with 1 % w/w drug and prepared with a PC/H,O ratio of 25
mg/g. Ofloxacin was completely released in 180 min; whereas, the release of
ampicillin was completed after 240 min. These results are the demonstration
that antibiotics loaded liposomes are suitable for ocular delivery providing a
sustained drug release and thereby enhancing drug ocular bioavailability.
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Figure VII1.4 Drug release comparison between 1 % w/w ofloxacin (blue)
and 1 % w/w ampicillin (red) loaded liposomes
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A new selection of the SuperLip process parameters was required for the
successful production of liposomes encapsulating ophthalmic antibiotics.
The application of the operating parameters previously used for other
molecules was unsuccessful for the encapsulation of antibiotics for ocular
delivery. This could probably be due to a higher steric volume of these
molecules and also explains the results generally reported in current
literature for the liposome encapsulation of this class of compounds. The
variation of the lipid to water ratio reveled to be the key parameter to
obtaining an improvement of the encapsulation efficiency. This ratio
affected the mean size and encapsulation efficiency of the vesicles produced.
An increase of this ratio allowed for the production of vesicles with an
encapsulation efficiency up to 97 % for ofloxacin and 99 % for ampicillin.
High PC/H,0 ratios produced higher EE thanks to a longer water droplets
flying time in the formation vessel and better lipid coverage.

The simultaneous entrapment of compounds was also attempted for the
first time using the SuperLip process. Their successful encapsulation showed
that water droplets behave like discrete volumes in which the compounds
remains confined without interfering with other water volumes.

VIIL.2 Encapsulation of antibodies

Another pharmaceutical application was studied for the entrapment of
antibodies into liposomes (see Material section). These antibiotics were
suspended in an aqueous solution and entrapped in the inner core of
liposomes. The antibodies were entrapped with different ratios on the lipid
mass base from 0.635 % up to 2.5 % w/w working at a water flow rate of 10
mL/min; whereas, concentrations up to 12 w/w on the lipid mass base were
chosen for lower water flow rates (1 mL/min). The results are reported in
Table VIIIL.1.

Table VIIL.1 Liposomes produced with different Antibody/lipid ratio at
different water flow rates.

ﬂz‘ijtrzrte Antibody/Lipid MDD Zpot pp
[mL/min] [%] [nm] [mV]

10 0 245 £ 101 0.41 3.55 //

. 0.625 398+139 035 -8.14 57.66

mL/min 1.25 524+176  0.33 3.84 74.67

2.5 587 +201 034  -31.0 39.32

1 1.25 264+ 108 041 33.5 40.20

mL/min 2.5 297 + 121 0.41 -16.2 54.60

4 366+ 176 048 -7.49 73.66

12 451+239 053 15.2 89.79
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Liposomes produced in this manner showed nanometric and sub-
micrometric dimensions. Working at higher water flow rates, the dimensions
were in the range 245 + 101 nm and 587 + 201 nm, with a growing trend of
the mean dimensions upon increasing the antibody to lipid ratio. The
encapsulation efficiencies were lower than 57 %, with a decreasing trend.
For this reason, the water flow rate was changed to 1 mL/min and higher
encapsulation efficiencies were obtained, with an increasing trend from 40 %
to almost 90 %, upon increasing the theoretical loading from 1.25 to 12 w/w
on the lipid mass base.

Future developments will consist in the production of liposomes stealth,
linking antibodies on the external surface of the phospholipids. In this way, a
targeted delivery could be performed in order to reduce any toxic effects of
the drugs. The antibodies on the surface could be coupled with an antibiotic
or a protein entrapped in the inner core of lipidic vesicles. PEGilated
liposomes could also be produced in this manner. Together with antibodies
substituting them, PEG fragments could be linked to the external surface of
the liposomes, as already performed for several anti-carcinogenic drugs such
as Doxorubicin. Moreover, coated liposomes will be produced to enhance
drug protection in long circulating drug delivery systems (PEGilated
liposomes).

VIII1.3 Anti-bacterial studies

The supercritical assisted method for the production of liposomes was
also used for the production of antibiotic loaded vesicles to study their anti-
microbial activity. In particular, amoxicillin loaded liposomes were
produced changing the water flow rate as well as the drug to lipid ratio. The
results are proposed in Table VIIL.2.
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Table VIIL.2 Liposomes produced with different Antibody/lipid ratio at
different water flow rates.

Test Water flow rate Drug/lipid Lipid employed EE

[mL/min] [w/w, %] PC Chol [%]

PO1 10 0% 100% 0% -—-
P04 10 1% 100% 0% 0%
P13 10 20% 100% 0% 41%
PO1bis 2 0% 100% 0% -—-
PO4bis 2 1% 100% 0% 2%
PO5bis 2 5% 100% 0% 55%
PO6bis 2 10% 100% 0% 39%
P13bis 2 20% 100% 0% 84%
P02bis 2 0% 9% 1% ---
PO7bis 2 1% 99% 1% 0%
PO8bis 2 5% 99% 1% 25%
P0O9bis 2 10% 99% 1% 61%

The first set of experiments was performed working at a water flow rate of
10 mL/min, changing the Drug to Lipid Ratio from 0 % (no drug) to 20 %
w/w. However, the Encapsulation Efficiencies (EE) were not higher than 41
%. For this reason, the water flow rate was reduced to 2 mL/min, obtaining
EE as high as 84 %.

To verify the effect of additives against E.Coli, 1 % cholesterol (Lipid to
Lipid ratio on the mass base) was inserted in the liposomes double layer. The
encapsulation efficiencies obtained were up to 61 %, in this case.

E.Coli growth profiles were analyzed as described in the Methods section. In
particular, it was studied for:

- vesicles only prepared with phosphatidylcholine (PC), upon increasing the
liposomes concentrations.

- vesicles prepared with PC and cholesterol, upon increasing the liposomes
concentrations

- lipid loaded liposomes with 0, 5, 10, 20 Amoxicillin loading and 25, 50,
100 ppm liposomes concentration

- lipid+cholesterol loaded liposomes with 0, 5, 10, 20 Amoxicillin loading
and 25, 50, 100 ppm liposomes concentration.

The results are reported in sets in Figures VIILS, VIIIL.6, VIIL.7, VIILS.
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Figure VIIL5 E.Coli growth profiles in test PO1bis, PO5Sbis, PO6bis, P13bis
— Lipid only - (0, 25, 50, 100 ppm liposome concentration)

Experiment PO1bis regards empty liposomes. For this reason, there is no
effect of the different liposomes concentrations on E.Coli growth. Native
phosphatidylcholine did not alter the response on the bacteria growth
profiles. Increasing the amoxicillin loading, the liposomes concentration
started to be more significant on E.Coli growth; in particular, a growth delay
was detected for the 100 ppm liposome concentration. The best conditions
were reached for 10 % and 20 % w/w amoxicillin loading at 50 and 100 ppm
liposome concentrations.
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Figure VIIL.6 E.Coli growth kinetics in test PO2bis, PO7bis, PO8bis, PO9bis
— Lipid + cholesterol - (0, 25, 50, 100 ppm liposome concentration)

Similar results were obtained by repeating the previous experiments,
adding 1 % w/w cholesterol on the lipid mass base during the liposomes
production. E.Coli growth was not delayed as in the case of the
phosphatidylcholine liposomes. This is due to the fact that the addition of
cholesterol compacted the structure of the vesicles, delaying the drug release
time. This was also confirmed in Chapter V. For this reason, the E.Coli
growth rate was not decreased as rapidly as in liposomes with only lipids.
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Figure VIIL.7 E.Coli growth kinetics in lipid loaded liposomes with 0, 5, 10,
20 Amoxicillin loading and 25, 50, 100 ppm liposomes concentration

In this set of figures, the amount of the liposomes concentration was
fixed; whereas, the amoxicillin loading was varied from 0 to 20 %. In this
case, the best bacteria inhibition was reached for 10 and 20 % drug loading
and 50 and 100 ppm of the liposomes concentrations.

Drug release tests were added to this study to compare E.Coli growth
profiles with amoxicillin drug release from liposomes. The external medium
for this tests was the same prepared for the determination of E.Coli growth
profiles. For this study, vesicles made of only phospholipids were taken as

models.
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Figure VIIL8 Drug release tests of 1 %, 5 %, 10 % and 20 % w/w
amoxicillin loaded liposomes on lipid mass basis

As is it possible to see in Figure VIILS8, drug release from 1 % loaded
liposomes was completed after almost 1500 min; whereas, the 5 % loaded
samples continued the release up to 3000 min. This means that a higher
content of drug can contrast E.Coli growth for a longer time.

Moreover, in both profiles, a lag-phase was observed after drug initial burst.
The latter is due to not entrapped drug which is suddenly released from the
supernatant. Then, drug release is delayed for about 500 min, and then
antibiotic diffuses in the external medium with higher velocity. This could
explain why in some E.Coli profiles, the growth of bacteria is observed
during the first five hours, before decreasing definitely.

Another pharmaceutical application that has been attempted is the
encapsulation of albumin fluorescein isothiocyanate. This molecule is
characterized by the classical protein Bovine Serum Albumin to which the
fluorescein molecule has been previously chemically bonded. This molecule
has many applications in the pharmaceutical field since it can be used for
cellular uptake studies.

In this case, it was entrapped into liposomes to study the morphology of
vesicles and to be co-encapsulated with an antibiotic for anti-bacterial
applications. A first set of experiments was performed entrapping only
Albumin fluorescein isothiocyanate (FBSA). Then, another set of
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Encapsulation of antibiotics

experiments was performed with the simultaneous encapsulation of FBSA
and amoxicillin. The results are reported in Table VIIL3.

Table VIIL3  Liposomes  produced  with different  Albumin
fluorescein isothiocyanate mass (FBSA) and different amoxicillin mass fixing
FBSA mass

Drug Dlame1.1tro EE% media
Drug mass medio PDI +SD
[mg] DM [nm]+ DS B
Albumin 25 411 £133 0.32 84.41
fluorescein isothiocyanate 50 426 £ 150 0.35 88.53
(FBSA) 100 482 +310 0.64 80.61
Amoxicillin 25 342 £ 101 0.29 95.0 749
50 350 £ 122 0.35 91.8 78.7
100 362 = 168 0.46 98.8 76.0

Liposomes of sub-micrometrical dimensions were obtained. The first set
was characterized by encapsulation efficiencies up to 88 % for FBSA. In the
second set, FBSA was entrapped with an EE of 98.8 % of FBSA and 78 %
for amoxicillin. Since the encapsulation of both the labeled protein and
antibiotic was successfully achieved, the liposomes were put in contact with
E. Coli to study the anti-bacterial response of this vesicles. The results are
shown in Figure VIIL9.
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Figure VIILY9 E.Coli growth kinetics in liposomes loaded with Albumin
fluorescein isothiocyanate — and  amoxicillin ~ (different  liposomes
concentrations)

Even if the MIC concentration was not obtained for E. Coli, the increased
liposomes concentrations put in contact with the bacteria resulted in a
decrease in the bacterial growth rate.
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Leather manufacturing has ancient origins since primitive humans
produced suits from the hunted animals and used vegetal tannins to process
them (Falcao and Araujo, 2018). However, the leather obtained from animals
had many drawbacks, such as the fast degradation caused by the
decomposition of the dead skin. For this reason, the primitive humans tried
to dry the leather so as to inhibit the decomposition process and soften up
dried leather with fats. This method caused problems of rigidity.

The modern process of leather manufacturing (Sathish et al., 2016) is
classically called tanning and its purpose is to transform the dead skin of the
animal into a hygienic, transpiring and resistant suitable product. One of the
last steps of the tanning process is the dyeing with the use of coloring
substances. The purpose of dyeing is to improve the appearance of the
leather so as to increase its commercial value. The following step is called
fattening and gives to the leather softness and hydrophobicity. Usually, this
operation is performed by applying natural or synthetic oils and fats.

Some artificial dyes are called anilines, that are substances responsible
for the molecular interactions with the surface of the materials to be treated.
Dyes are not only characterized by the spectral absorption functions of the
visible light, but also by a high affinity with the material that should absorb
it. Moreover, once the dyeing bath has been used, no residual dye should
remain in the bath. This last property is known as the covering power.
Generally, dyes have to be specific for the material that should be colored.

Several techniques have been developed for the coloring of leather (Priya
et al, 2016, Chen et al., 2015, Sivakumar et al., 2009, Kyu, 2006,
Rafidinarivo and Delmas, 1996); this is performed either directly in tanneries
or in specific chemical factories. Dyeing is the process of applying the dye to
textile substrates that frequently recur at high temperatures and pressures
steps. During this process, dyes and chemical agents such as surfactants,
acids alkalis, bases, electrolytes, leveling agents, chelating, emulsifying and
softening agents are applied to leather to achieve a uniform dye penetration
and strength properties (Kyu, 2006, Mandal et al., 2015). This process
includes the diffusion of the dye in the aqueous phase followed by
adsorption on the outer surface of the fibers, and finally diffusion and
adsorption on the inner surface of the fibers. Depending on the final use of
the fabrics, different dye strength properties may be required. For example,
swimwear should not lose color in water and textiles for vehicles should not
fade after prolonged exposure to sunlight. Dye can be fixed to the fiber by
different mechanisms, typically working in aqueous solutions and ionic
bonds. Van Der Waals interaction, hydrogen bonds and covalent bonds can
be involved.

The leather dyeing process (Prakash et al., 2016, Venba et al., 2015, Lee
et al.,, 2014, Purev et al., 2013, Page et al., 2009) can be performed
continuously or in batch (Kore and Shukla, 2017, Li et al., 2011a). In
general, the choice can depend on different factors, such as the type of

132



Encapsulation of dyes for leather treatment

material and dye bath size; whereas, discontinuous processes are more
automated but they are characterized by several expensive steps and also by
environmental problems caused by process effluents (Rosa et al., 2017,
Laurenti et al., 2017).

The major drawbacks of conventional dyeing techniques are linked to the
consumption of a high energy request, especially for the optimization of the
operating parameters to obtain a homogeneous dye distribution. For this
reason, the idea of using liposomes has been considered in current literature
for textile applications (Marsal et al., 2003, Delamaza et al., 1992, Marti et
al., 2014, Montazer et al., 2009, El-Zawahry et al., 2009, Marsal et al., 2002,
Marti et al., 2001) since they are eco-friendly carriers, non toxic and require
lower production temperatures. Liposomes are spherical vesicles made of
double layer of phospholipids and an inner core of water (Garcon et al.,
1989). Liposomes production methods have also evolved over the last
decades, first with the development of conventional techniques and then with
dense gas assisted methods (Maherani et al., 2011, Mozafari, 2005b, Watwe
and Bellare, 1995).

In the textile field, the higher interest of dyeing using liposomes is for
wool treatment (Pause, 2007), in which a reduction of process temperature
was also achieved (Coderch et al., 1997). However, it has been proved that
liposomes have the ability to work as vehicles for several kind of synthetic
compounds commonly used in dyeing processes (Sheveleva et al., 2003).
Working at low temperatures gave the possibility to preserve fibers and
limiting the energy cost (Lei et al., 1992). In tanning, the increasing interest
in working with sustainable processes encouraged the use of natural matter
such as phospholipids to reduce the environmental impact (El-Zawahry et
al., 2007). Some studies present techniques for the removal of dyes using
Pseudomonas (Roy et al., 2018), but almost no data are reported in the
literature about the encapsulation efficiency of red aniline loaded liposomes
for textile applications, probably for the limitations linked to the most
common encapsulation techniques.

The main aim of this work is to achieve a significant encapsulation
efficiency in stable vehicles for dye deposition on sheep leather surface. A
novel supercritical assisted process will been employed for the production of
liposomes called Supercritical assisted Liposome formation (SuperLip).
SuperLip method has been already tested and used for the production of
nanometric vesicles with high encapsulation efficiencies of hydrophilic and
lipophilic compounds (Campardelli et al., 2016¢c, Campardelli et al., 2018,
Trucillo et al., 2018a, Trucillo et al., 2017, Trucillo et al., 2018b, Trucillo et
al., 2018c). Liposomes can be used for the vehiculation of dyes on leather
surface, thanks to the fat nature of both lipids and leather skin (Barani and
Montazer, 2008b). Therefore, the aim of this work will be achieved
optimizing operating parameters of SuperLip process for the production of
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liposomes loaded with red aniline, a hydrophilic dye, in the inner aqueous
core.

In particular, effects on particle size distributions and encapsulation
efficiencies will be studied varying dye and lipid concentration, water flow
rate and the gas to liquid ratio of ethanol and carbon dioxide feeding lines.
Morphological and atomic characterization will be performed on colored
leather samples. Moreover, in order to give to this technique an increased
commercial value, thermal exposition tests and colorimetric analysis will be
performed to compare the efficiency of conventional coloration techniques
with supercritical assisted liposomal method. This could reduce energy cost
and production timing in tanning process, reducing also the environmental
impact.

This section is divided into two main parts; the first describes the
optimization of the operating parameters of the production process of
liposomes; whereas, the second focuses on the dyeing of leather fragments
with the liposomes produced, with a proper colorimetric analysis.

IX.1 Process parameters optimization

For the optimization of the process parameters, a first set of experiments
was carried out, varying the mass ratios between the dye (synthetic red
aniline) and lipids for the production of liposomes. This dye has a
hydrophilic nature; for this reason, it was entrapped in the aqueous inner
core of the liposomes. The ratio of dye/lipids was varied from 5 % w/w to 15
% w/w. The SuperLip experiment was performed at the pressure of 100 bar,
temperature of 40 °C and a fixed Gas to Liquid Ratio of the Expanded
Liquid of 2.4, with an ethanol flow rate of 3.5 mL/min. The water flow rate
was fixed at 10 mL/min and the lipid concentration in ethanol was 5 mg/mL.
The aim of this first set of experiments was to study the effect of the mass
percentage on the particle size distribution of the obtained liposomes and
encapsulation efficiencies. The mean diameters of the vesicles produced,
polydispersion indexes and EE are reported in Table IX.1 and the PSDs are
compared in Figure IX.1.

Table IX.1 Mean Diameter, Polydispersion Index and Encapsulation
Efficiencies of liposomes loaded Dye to Lipid ratios from 5 to 15 % w/w

Dye/PC Mean Diameters Elg?fli)csilél;ct;’on
0,
[wiw, %] MD=DS [nm] EE [%]
5 17470 23.7
10 18578 23.7
15 196194 27.3
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Table IX.2 Mean Diameter, Polydispersion Index and Encapsulation
Efficiencies of liposomes produced with increasing lipid concentrations
between 1 and 10 mg/mL ethanol solution

Lipid conc. in . Encapsulation
Ethanol MISS;] _3;; I[n:;f; S Efficiency
[mg/mL] B EE [%]

1 15357 19.1
5 174%70 23.7
7 197+98 29.0
10 243101 40.6

As seen in Table IX.1, increasing the dye mass with respect to the lipids
from 5 to 15 % w/w, there is no macroscopic increase of the mean
dimensions (MD) of the liposomes produced; MD are between a minimum
of 17470 nm for 5 % w/w loaded liposomes to a maximum of 196£94 nm
for 15 % w/w loaded vesicles. Since there is no significant effect on
liposomes production, the PSDs reported in Figure IX.1 confirm the mean
diameters trend. The encapsulation efficiencies are always less than 30 % of
the theoretical dye entrapped, from a minimum of 23.7 % and a maximum of
27.3 %. No trends were detected in EEs.

For this reason, a new set of experiments was performed to study the
effect of the lipid concentration in the ethanol flow rate for the preparation of
liposomes. The concentrations studied were 5 mg/mL (used for the first set
of experiments), 7 mg/mL, 10 mg/mL and 12 mg/mL. The mass of the dye
entrapped in the liposomes was fixed to 50 mg, as well as the other process
parameters used in the previously described set. The mean diameters of the
vesicles produced, polydispersion indexes and EE are reported in Table IX.2
and the PSDs are compared in Figure IX.2.
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As reported in Table IX.2 and Figure IX.2, the mean values of the
diameters have significantly increased by increasing the lipid concentration,
from a minimum of 153%57 nm for 1 mg/mL ethanol concentration to a
maximum of 243+101 nm with 10 mg/mL. The last concentration of 12
mg/mL was not explored due to a blockage of the injection for water
atomization. The liposomes produced with an increased lipid concentration
can be characterized by a higher number of double lipidic layers that
surround the inner core. this could confirm the higher mean dimensions and
polydispersion index than previous sets of experiments. The encapsulation
efficiency increases upon increasing the lipid concentration; it is 19.1 % for
1 mg/mL lipid in ethanol concentration; whereas, it became 23.7 % for 5
mg/mL, 29.0 % for 7 mg/mL and 40.6 % for 10 mg/mL.

A new set of experiments was performed setting the concentration of
lipids at 10 mg/mL. The water flow rate was varied from a minimum of 2
mlL/min to a maximum of 20 mL/min.

The aim of this section is to verify if this process parameter can have an
increasing effect on the encapsulation efficiencies of dyes into liposomes.
The other process parameters were maintained constant.

Table IX.3 Mean Diameter, Polydispersion Index and Encapsulation
Efficiencies of liposomes (decreasing water flow rate from 20 to 2 mL/min)

Water Flow Rate Mean Diameters Elggli):;l;ct;on
[mL/min] MD = SD [nm] EE [%]
20 191£76 15.2
10 243+101 40.6
5 256+143 50.3
2 271£158 62.0
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Figure IX.3 Particle Size Distributions of liposomes produced at water flow

rates of 2, 5, 10 and 20 mL/min
137



Chapter IX

The liposome mean dimension increases by decreasing the water flow
rate (WFR), from a minimum of 191£76 nm for the highest water flow rate
(20 mL/min) to 251+158 nm for the lowest water flow rate (2 mL/min). The
decrease of the water flow rate resulted in the formation of more lipidic
layers around the water droplets as described in other works and, as a
consequence of this, a higher mean diameter was obtained for these vesicles.
The encapsulation efficiency increased from 15.2 % for the case of 20
mL/min WFR up to 62 % for 2 mL/min WFR. This confirmed the
hypothesis of the formation of more lipidic layers around the water droplets
with lower WFR; with more layers, the drug content is highly protected and
confined in the inner core of the liposomes.

To increase the values of the encapsulation efficiency of red aniline dye,
another set of experiments was performed setting the concentration of the
lipids at 10 mg/mL and the water flow rate at 2 mL/min. The other process
parameters remained constant, except for the Gas to Liquid Ratio of the
Expanded Liquid (GLR-EL), i.e. the mass ratio of the carbon dioxide and
ethanol flow rate that are fed into SuperLip. This parameter was varied from
0.34 to 10, with the aim of studying the probable differences by changing the
composition of the system. The carbon dioxide and ethanol flow rate were
changed together in order to modify the GLR-EL. The mean diameters of the
vesicles produced, polydispersion indexes and EE are reported in Table IX.4
and the PSDs are compared in Figure IX.4. Again, aniline theoretical
loading was fixed at 5 % w/w on lipid base.

Table 1X.4 Mean Diameter, Polydispersion Index and Encapsulation
Efficiencies of liposomes produced at different GLR-EL (from 0.34 to 10)

Mean Encapsulation
Scale GLR-EL Diameters PDI Efficiency
[um]+ DS EE [%]
10 0.17+0.08 0.48 322
6 0.20+0.10 0.50 49.5
NANO 4 0.230.12 0.51 57.7
24 0.27+0.13 0.54 62.0
1.2 0.28+0.16 0.57 74.7
1 2.07£1.08 0.52 76.0
0.8 3.32%1.56 0.47 79.6
MICRO 0.7 3.96x1.70 0.43 82.2
0.4 4.52+1.72 0.38 76.3
0.34 5.06%1.40 0.28 77.3
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Figure IX.4 Particle Size Distributions of liposomes produced at Gas to
Liguid Ratio of the Expanded Liquid at 10, 6, 4, 2.4, 1.2 (a) and at 1, 0.8,
0.7, 0.4, 0.34 (b)

Looking at Table IX.4, the liposomes produced with the Gas to Liquid
Ratio of the Expanded Liquid included between 10 and 1.2 resulted in the
production of liposomes with a mean diameter from 0.17+0.08 pm to
0.28+0.16 um, showing an increasing trend, but always at a nanometric
level. The particles size distribution was more dispersed when decreasing
GLR-EL (Figure IX.4a); PDI increased from 0.48 to 0.57 when reducing
the content of ethanol. The encapsulation efficiencies showed an increased
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trend from 32.2 % for the higher GLR-EI to 74.7 % for a GLR-EL of 1.2.
The same increasing trend of the mean dimensions of indeed, vesicles was
obtained working at lower values of GLR-EL, from 1.00 to 0.34. In this
case, indeed, liposomes mean size increased from a minimum of 2.07£1.08
pm to a maximum of 5.06+1.40 um, at a micrometric level. The order of
magnitude was changed by decreasing the GLR-EL, but indeed,
polydispersion indexes showed a decreasing trend from 0.52 to 0.28. The
encapsulation efficiencies were higher than indeed, nanometric level
liposomes, from a minimum of 76.0 % to a maximum of 82.2 % without
showing any trend. The higher EE is probably due to the higher volume of
water entrapped into the liposomes. On the other hand, decreasing the GLR-
EL involves more ethanol in the system; if GLR-EL tends to zero, the
SuperLip technique could be overlapped with the Ethanol Injection method
(Shaker et al., 2017, Maitani, 2010), with consequent higher incompatibility
with pharmaceutical applications. As already verified in previous studies
with SuperLip, GLR-EL was the main process parameters which is
responsible for controlling liposomes dimensions and particle size
distributions, as already verified in previously cited studies.

Morphological studies were performed on liposomes produced with a
GLR-EL of 0.7 and 2.4, with the aim of observing the differences between
the liposomes produced at nanometric and micrometric levels. In Figure
IX.5, the different morphologies are compared.

1 pm . 7
|i| GLR-EL 0.7 Mag = 20.00 K X

(b)
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(b)
Figure IX.5 FE-SEM characterization of aniline loaded liposomes
produced with GLR-EL 0.7 (a) and GLR 2.4 (b)

In Figure IX.5ab, liposomes are present. In the first one (Figure IX.5a)
liposomes are obtained working at a GLR-EL of 0.7, showing sub-
micrometric liposomes whose aggregates are of 2-3 microns in diameter (as
shown in Table IX.4). These liposomes have a tendency to aggregate in
larger vesicles, with a difficult control of the vesicles morphology; they are
more dispersed as shown in Figure IX.Sa. Whereas, in Figure IX.5b,
liposomes of nanometric dimensions are obtained, with a more
homogeneous population distribution and higher sphericity of the vesicles.
The surface is smooth and regular.

Leather slices were put in contact with 20 mL of a bath containing red
aniline dye in a gently stirred solution. Then, the same treatment was
repeated submerging slices in a bath containing an aqueous suspension of
liposomes loaded with the same amount of red aniline, taking into account
the encapsulation efficiency of the vesicles. In this manner, it was possible to
compare the results obtained using the traditional dyeing method and the
supercritical method.

Further observations were performed on sheep leather after dyeing with
liposomes with a Field Emission Scanning Electron Microscope. The upper
surface can be seen in Figure IX.6a; whereas, the underneath surface in
Figure IX.6b. Finally, a macroscopic image of the leather fragments is
reported in Figure IX.6¢, showing the upper and underneath surface.
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Figure IX.6 Morphological analysis of (a) upper and (b) underneath leather
surfaces from microscopic and macroscopic (c) observations

The leather upper surface is more compact since it is the surface exposed
to external agents, i.e. it is more hydrophobic and its coloration is brighter
(Figure IX.6ac). The underneath surface (Figure IX.6bc) is more frayed
and sliced since it is linked to fibers and muscles. In general, it can absorb
the dye but the final coloration is not as bright as the upper surface.

IX.2 EDX and Colorimetric analysis

Dye powder, not colored leather, leather colored with native dye and
leather colored with dye loaded liposomes were analyzed with Energy
Dispersive X-ray spectroscopy to obtain more quantitative and qualitative
information on their chemical structure. The main results on the Carbon,
Oxygen, Phosphor and Sulfur atoms are summarized in Table IX.5;
whereas, the qualitative maps of the Carbon and Oxygen distribution are
reported in Figure IX.7.
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Table IX.5 Energy Dispersive X-ray spectroscopy analysis of the Carbon
and Oxygen contained in Leather, native dye, leather + dye and leather +
dye loaded liposomes

+Li +
Element Leather Dye Leather+Dye Leather+Liposomes

[%] Dye
0] 46.08 36.51 51.77 53.92
P 0.51 - 0.50 0.98
S 1.78 8.69 2.38 2.83
C 50.49 44 .81 44.80 39.42

Oxygen is one of the two main components of leather, with 46.08 %. Dye
also contains it at 36.51 %; for this reason, the coupling of leather + native
dye and leather + liposome deposed dyes increases its percentage (51.77 %
native dye and 53.92 % dye loaded liposome).

Sulfur is contained more significantly in dye powder (8.69 %). During the
dyeing process, it is deposited on the leather, increasing its sulfur content
from 1.78 % to 2.38 % on conventionally colored leather and to 2.83 % on
liposome colored leather. For this reason, the dye is better deposited on the
leather using the method with liposomes.

Phosphorus is contained only in pure leather but not in powder dye. For
this reason, the deposition on leather increases the content of phosphorous to
0.50 % using conventional coloration method; whereas, it increases up to
0.98 % using the liposomes method dye deposition.

Carbon is one of the main components of leather since it comes from an
organic material. However, carbon atoms are prevalent also in phospholipids
molecules since it is contained in the double tailored part of the molecule.
The dye also contains it; for this reason, it is not possible to find any
particular comments on its deposition since it is always present.

Energy Dispersive X-ray qualitative data are also reported in Figure I1X.7
to compare the carbon and oxygen distribution maps. The choice of showing
these two elements distribution maps is linked to the fact that they are the
main components of these fragments and better describe their deposition.
The native aniline deposition is described in Figure IX.7bd; whereas, the
liposomes loaded aniline is shown in Figure IX.7ac.
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Figure IX.7 Carbon and Oxygen EDX images of leather treated with native
aniline (a, c) and with liposomes (b, d)

Looking at Figure IX.7ac, a more homogeneous distribution of the
Carbon and Oxygen can be observed for the liposomes treated leather
fragments. The surface of the fragment treated with liposomes is smoother
and more regular; whereas, in Figure IX.7bd a fragment treated with native
red aniline appears more irregular and inhomogeneous.

As a further confirmation of the results obtained, the leather fragments
were subjected to a colorimetric analysis to study any eventual variations in
red dyeing on leather by changing the method from conventional to
liposomal. For this reason, colorimetric coordinates were used according to
the CIELAB scale, as reported in the Methods section. The conventional
method was also compared with the liposomes method in terms of different
time contacts (15, 30, 60 and 120 min) for the deposition of dye on leather.
The time contact and redness intensity (a*) are reported in Table IX.6 and
Figure IX.8.
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Table IX.6 Colorimetric analysis on leather dyed at different contact times
using conventional and supercritical techniques

Dyeing method Time contact [min] a*+SD

Conventional

Liposomes

15
30
60
120
15
30
60
120

30.14+0.07
34.61+0.09
36.69+0.08
36.30+0.06
27.20+0.04
33.42+0.09
32.51+0.12
33.15+0.05
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Figure IX.8 Red intensity of leather upper surfaces with conventional and

supercritical dyeing process

From Table IX.6, the conventional method for the deposition of dye on
leather results in a redness intensity of 30.14+0.07 % after 15 minutes of
time contact; whereas, it becomes 34.61+0.09 % after 30 minutes,
36.69+£0.08 % after 60 minutes and 36.30+0.06 % after 120 minutes; this
means that the redness saturation limit is reached at 60 minutes using a
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conventional technology. Using the liposomes deposition method,
27.20+0.04 % redness intensity is reached after 15 minutes, 33.42+0.09 %
after 30 minutes, 32.51+0.12 % in 60 minutes and finally 33.15+0.05% in
120 minutes. In this case, the saturation limit was reached only after 30
minutes of time contact between the leather and red aniline. These results are
confirmed in Figure IX.8, where each redness intensity value a* was made
dimensionless with the starting value a, to make the comparisons.

Colored leather fragments were subjected to thermal exposure tests. Two
kind of tests were performed: colored leather was put in contact with water
at the temperature of 100 °C for 24 hours and then in an oven at 120 °C for
the same contact time. The redness intensity of the untreated leather was
compared with the thermal exposed leather to evaluate the eventual intensity
variations and dye adhesion stability after external stimuli. The results of the
leather fragments colored with the conventional and liposomal methods are
compared in Table IX.7 and Figure IX.9.
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Table IX.7 Red dye intensity of leather untreated and treated with water at
100 °C and oven at 120 °C
Thermal test Dyeing method a*+SD  Decoloration [%]
Liposomes  37.50+0.05

Untreated leather Conventional 30.05+0.11 i

o Liposomes  33.66+0.06 10.2
Water 100°C 0 Ventional  22.50+0.04 25.1
o Liposomes  36.63+0.04 2.3
Oven 120°C - hventional  25.76+0.07 143
50
Dyeing method
B Conventional
- 40+ B Liposomes 2.3%
BS
x
- 10.2%
K 14.3%
=
d
E 20t
o0
£ 25.1%
- 10}
a2
0 AAAAAAAAAAAAAAAA LAead

Untreated Leather Water 100 °C Oven 120 °

Figure IX.9 Variation of red intensity due to thermal exposure using
conventional and supercritical methods

The redness intensity of an untreated fragment of leather was 37.50£0.05
%; it was reduced to 33.66+0.06 % with liposomal dye deposition after
treatment in water at 100 °C; whereas, it was 36.63+0.04 % after the
treatment in the oven at 120 °C. Decoloration was 10.2 % after hot water
treatment and 2.3 % after oven treatment. The native dyeing method caused
a decoloration of 25.1 % in the case of the hot water treatment and 14.3 % in
the case of the oven treatment. For this reason, it is possible to affirm that in
the case of liposome treatment, the dye adhesion is high performing on the
leather fragments. This novel method shows an increased resistance to heat
exposure, also showing a greater softening of the leather.

In this section, the SuperLip operating parameters have been optimized to
obtain the best performance on the encapsulation efficiency and red aniline
deposition on sheep leather fragments. The key parameters responsible for
the highest encapsulation efficiencies were the water flow rate and Gas to
Liquid Ratio of the Expanded Liquid. The reducing of the water flow rate
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increased EE to 75 %. GLR-EL resulted mainly responsible in the control of
the particle size distributions and mean diameters, that were nanometric at
GLR-EL lower than 1.2 and micrometric when higher up to 10. The dyeing
tests confirmed that saturation deposition is obtained in 30 minutes with the
liposomal method and in 60 minutes with the conventional process. The
most interesting results is linked to the use of liposomes; they guarantee the
coloration and fattening of the leather, that generally are performed with two
expensive steps in the tanning process. Using liposomes, the two steps are
obtained simultaneously and the greater softening of leather could also speed
up the classic tanning process. Finally, leather treated with dye loaded
liposomes was more resistant to heat exposure, showing slightly more
decoloration than conventional colored liposomes.
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Chapter X

Supercritical assisted Liposome formation (SuperLip) is a lab scale plant
for the production of lipidic drug carriers. After almost 4 years of
experiments, SuperLip has been recognized to be particularly versatile in the
encapsulation of molecules of different sizes, solubility and industrial fields
of application.

A business plan for the commercialization of SuperLip products was
attempted to verify whether the production of liposomes using this technique
could be profitable. A B2B model has been proposed and an estimation of
CAPEX and OPEX was performed to produce a 5-year (2018-2022)
prospective for commercialization.

The analyzed market segment is 1.7 M€ large; whereas, the SuperLip
apparatus could obtain a 0.1 % market share. From its discounted cash-flow,
it was possible to evaluate the SuperLip market value at about €3 million.

The high versatility of the SuperLip process has already been recognized
in terms of process biocompatibility and applications in several industrial
fields such as nutraceutical, cosmetic, pharmaceutical and textile. The gain
of this process is referred to the one-shot production of liposomes with a
continuous reproducible plant layout.

This developed technology has a Technology Readiness Level (TRL) of
7, since it has been developed in a continuous lab-scale configuration and it
is possible to scale it up to an industrial level. Nowadays, the SuperLip
method is designed to produce about 5 liters of liquid liposomes suspensions
per day. The idea at the basis of the process has already been validated by
product development and samples characterization, as reported in previously
published works. SuperLip potential applications have also been recognized
by external customers, interested in a Business To Business (B2B)
production of liposomes on demand.

The validation of the system is guaranteed by their main potential
applications for skin care treatment, tissues infections, antioxidant
preservation and dye deposition. A comparison of the SuperLip process with
other techniques reported in current literature is summarized in Table X.1.
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Table X.1 Pain and Gain of SuperLip Vs other methods

Other processes SuperLip Utility Potential
application
Micrometric Nanometric ~ Drug carriers for ~ Pharmaceutical
level level nanometric formulations for
(0.5-50 um) (100 — 300 nm) interstices anti-carcinogenic
tissues therapies
Polydispersed Monodispersed Replicable
samples samples granulometric
control of
liposomes

Solvent Residue ~ Green process ~ Carbon dioxide is Food industry for
not toxic; ethanol the production of

is biocompatible. additives and
Organic solvent dietary
is removed supplements
Encapsulation Encapsulation =~ Cost reduction  Encapsulation of
efficiencies low efficiencies markers, genes
than 30 % higher than 95 % and high weight
proteins
Vesicles Vesicles Vesicles stability ~ Long targeted
aggregation distinction release of drugs
Sensitive to Drug protection Preservation of Cosmetic
external stimuli from heat and antioxidant industries for skin
oxidation power penetration
products
Post-production 1-shot Replicability of Production of
steps the process and  liposome based
reduced cost vaccines in brief
times
Discontinuous Continuous Scalability of the Large scale
processes processes process to production

industrial level

X.1 Economic analysis
Nutraceuticals is the field of compounds content in food that can prevent
the human body from developing illnesses. Even if many samples were
obtained for pharmaceutical applications, the nutraceutical market segment
seems to be the most interesting one for the production of liposomes, since
its barriers are less severe than the pharmaceutical and cosmetic fields. Italy
is ranked as the first European country for the consumption of nutraceutical
products; the Italian market of dietary supplements has grown by 7.4 %
between 2014 and 2016, especially for multi-vitamin additives. They are
sold in pharmacies and mass markets; every Italian spends around €40 on
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dietary supplements per year, followed by Austria and Belgium with €33
each. The last place in the European ranking is occupied by France, with €12
per annum. The main reason for this high market increase originates from
the recommendations of doctors and specialists. 90% of Italian family
doctors advise using food supplements to patients.

Not only liposomes, but also other Drug Delivery Systems (DDS),
nanocrystals, polymer microspheres, gold nanoparticles, micelles, nanotubes
and patches are commonly used to vehiculate nutraceutical compounds. In
Figure X.1, a comparison between worldwide overall drug delivery systems
sold and liposome sold is presented.

120

Revenue

I Drug Delivery Systems
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Figure X.1 Drug Delivery Systems Vs liposomes revenues worldwide

I Nutraceutic
[ Cosmetic
Il Pharmaceutic

61.68%

Figure X.2 Yearly market repartition of Drug Delivery Systems
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It is possible to see in Figure X.1, the worldwide market is represented
by all DDS sold for nutraceutical purposes, represented with blue columns.
The volume of the business linked to the DDS of nutraceuticals started from
€40 billion in 2014 with an estimation growth up to €100 billion in 2024.
Liposomes had a market value of around €20 billion in 2014, whereas it is
estimated to become around €40 billion by 2024.

The liposomes market can be furthermore divided into nutraceutical,
cosmetic and pharmaceutic, as shown in the diagram of Figure X.2. Despite
the nutraceutical field being represented by 15.52 % of the worldwide
marked linked to liposomes, it is the easiest segment to join, avoiding in
vitro and in vivo tests, that are generally time consuming and particularly
expensive. The nutraceutical field also guarantees a shorter payback time.

In 2018, the estimation of liposomes for nutraceutical purposes will be
around €1.7 million worldwide, with an estimated €3.12 billion market
volume. Since the SuperLip productive capability is around 1500 liters per
year (300 working days), the plant capacity will guarantee around 0.1 % of
the market share.

X.2 Financial analysis

The idea is to develop a Business to Business (B2B) model. Potential
customers are nutraceutical companies that would be interested in
encapsulating their chosen molecule using this technology for the production
of liposomes on demand. Several applications are possible, such as
liposomes for iron additives to dietary supplements for sport enhanced
performance. The high encapsulation efficiencies of active compounds can
reduce costs and acquire more customers, especially among food industry
companies linked to anti-age and antimicrobial product development as well
as the prevention of cardiovascular illnesses. A scheme of the Strengths,
Weaknesses, Opportunities and Threats of the SuperLip process is proposed
in Table X.2.
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Table X.2 S.W.O.T. analysis of SuperLip process

Strengths

Weaknesses

Liposomes produced with SuperLip
have the possibility to entrap more
than 95 % of the compound and
tune their drug release, activated by
external stimuli on demand.

The high potential of SuperLip
could not be quickly understood by
medical doctors and healthcare
system.

For this reason, an expensive
advertising campaign could be

necessary to be activated.
Several companies are still linked to

Competitive cost compared to conventional methods for the
average market price. production of liposomes, despite
their weaknesses.
Opportunities Threats

SuperLip is not a patented process,
even if there are many publications
discussing its several studied
applications.

Fast growth of the liposomal market

The idea of commercialization of SuperLip liposomes needs to be divided
into OPEX (Operative Expenditures) and CAPEX (Capital Expenditures).
OPEX is referred to marketing campaigns, such as participating in events
and fairs. Digital advertisement is one of the main instruments to be known
in a huge market environment. This area also includes utilities cost (power
and water supply), chemical reagents, packaging and expedition. Human
costs are also included for plant operators, technicians and maintenance.
Subcontractors will require legal services, technical characterizations and
business strategies, software renewal licenses and insurance costs. 10 % of
the plant maintenance cost was also be considered. CAPEX is linked to the
setting up of the SuperLip plant on a lab-scale configuration, but also for
desks, computers, mobile phones and cars and packaging machines. 20 %
automation costs have been considered for the start up of the plant. This
point should cover the maintenance and safety expenditures linked to the
current functioning of the plant.

CAPEX amortization was fixed as linear, with a yearly depreciation of 10
% over a period of about 10 years. Productivity was fixed at 5 Liters per day
and 300 working days per year. The selling price was set at 1.8 €/mL
liposome suspension. Table X.3 contains the CAPEX cost of SuperLip;
whereas, Table X.4 represents advertising campaign costs, Table X.5
subcontractor costs, Table X.6 operating and production costs, Table X.7
personnel costs.
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Table X.3 CAPEX cost for the SuperLip apparatus

ASSET description Cost of 1 unit Number of units TOTAL
Patent 10000 1 10000
pump Gilson 8000 2 16000
pump Lewa 15000 1 15000
Thermostatic bath Julabo 6000 1 6000
valves on/off 50 4 200
Micrometric valves 400 1 400
Backpressure valves 1500 1 1500
Glass burette 150 2 300
Stainless steel elements 400 2 800
Stainless steel formation vessel 1700 1 1700
Stainless steel separator 600 1 600
Thermocouples and relais 500 1 500
Electrical works 500 1 500
30 Liter compressed gas tank 4000 1 4000
Manometers 50 3 150
Electrical resistance 40 1 40
Asameter 70 1 70
Gas flow meter 30 1 30
Stainless steel plant backbone 1500 1 1500
Laboratory extractor hood 5000 1 5000
Piping 500 1 500
Maintenance elements 39970 1 39970
Packaging machinery 5000 1 5000
Desks 200 10 2000
Drawer units 50 10 500
Cupboards 66.7 10 667
Computer 800 10 8000
Company cars 14950 2 29900
Sample stock 973 1 973
Mobile phones 150 6 900
TOTALE ASSETS 152700
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Table X.4 Marketing cost

MARKETING COSTS PRICE UNITS  notes 2018 2019 2020 2021 2022
# Events & Fairs 2 1 1 1 1

fee 2000 1 X event 4000 2000 2000 2000 2000
stand preparation 2500 1 X event 5000 2500 2500 2500 2500
flights, hotels, meals 1760 2 # persons for 7 days 7040 3520 3520 3520 3520
other costs 10% 1 % (staying) 704 352 352 352 352
EVENTS & FAIRS 16744 8372 8372 8372 8372
Advertising %A 0% 2% 4% 6% 8%
magazines 500 1 advertising/year 500 510 530 562 607
TV & Radio 2500 1 advertising/year 2500 2550 2652 2811 3036
digital advertising 500 12 monthly fee 6000 6120 6242 6367 6495
Brochure % gadgets 1500 1 X # events & fairs 3000 1500 1500 1500 2250
Professional video 2000 1 X events 4000  2.000 2000 2000 2000
Sponsorships 2000 1 at events and fairs 4000 2000 2000 2000 @ 225
COMMUNICATION 20000 14680 14925 15241 14613
costs %A 0% 1% 2% 3% 4%
Social media strategy 200 12 monthly fee 2400 2424 2472 2547 2649
WEB 2400 2424 2472 2547 2649
MARKETING 39144 25476 25769 26159 25633
# Events & Fairs 2 1 1 1 1

fee 2000 1 X event 4000 2000 2000 2000 2000
stand preparation 2500 1 X event 5000 2500 2500 2500 2500
flights, hotels, meals 1760 2 # persons for 7 days 7040 3520 3520 3520 3520
other costs 10% 1 % (staying) 704 352 352 352 352
EVENTS & FAIRS 16744 8372 8372 8372 8372
Advertising %A 0% 2% 4% 6% 8%
magazines 500 1 advertising/year 500 510 530 562 607
TV & Radio 2500 1 advertising/year 2500 2550 2652 2811 3036
digital advertising 500 12 monthly fee 6000 6120 6242 6367 6495
Brochure and gadgets 1500 1 x # events & fairs 3000 1500 1500 1500 2250
Professional video 2000 1 X events 4000  2.000 2000 2000 2000
Sponsorships 2000 1 at events and fairs 4000 2000 2000 2000 225
COMMUNICATION 20000 14680 14925 15241 14613
costs %A 0% 1% 2% 3% 4%
Social media strategy 200 12 monthly fee 2400 2424 2472 2547 2649
WEB 2400 2424 2472 2547 2649
MARKETING 39144 25476 25769 26159 25633
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Table X.5 Sub-contractors costs
SUBCONTRACTORS 2018 2019 2020 2021 2022

Project and management 0 0 25000 0O 0
Transport of plant elements 0 0 10000 0O 0

Automation cost 0 0 18952 0 0
Pharma consultancy 2500 2500 2500 2500 2500
Web content 750 750 750 750 750
Patent 10000 0 0 0 0
Legal expenses 3000 3000 3000 3000 3000

SUBCONTRACTORS 16250 6250 60202 6250 6250
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Table X.6 Operating and production costs

OPERATING PRICE UNITS notes 2018 2019 2020 2021 2022
costs %A 0% 2% 2% 2% 2%
Mobile phones 30 6 0 0 2247 2292 2338
Power & water supply 4560 1 yearly fee 0 0 4744 4839 4936
Internet 100 12 monthly fee 0 0 1248 1273 1299
Bank account 3 12 monthly fee 40 41 42 42 43
PEC email 30 12 monthly fee 0 0 375 382 390
insurance 3883 1 yearly fee 0 0 4040 4121 4203
Software license 100 12 monthly fee 1200 1224 1248 1273 1299
Rent 20000 1 yearly fee 20000 20400 20808 21224 21649
Reagents 23702 1 yearly 23702 24176 24660 25153 25656
Packaging 1719 1 yearly 1719 1753 1788 1824 1861
Mailing service 4000 12 monthly fee 4000 4080 4162 4245 4330
Maintenance 10% 1 6282 6408 6536 6667 6800
OPERATING 69106 70489 71898 73336 74803
costs %A 0% 5% 10% 15% 20%
accounting, tax e legal 10000 1 yearly fee 10000 10500 11550 13283 15939
business & strategy 3500 1 yearly fee 3500 3675 4043 4649 5579
other services 10% 1 % (other cost lines) 1350 1418 1559 1793 2152
SERVICES 14850 15593 17152 19725 23669

Table X.7 Personnel costs

% ETF
ROLE COST [€] % ETF % ETF 2019 2020- 2018 2019 2020 2021 2022
[2018] 2018 2002

CEO 33600 50% 100% 100% 16800 35280 37044 38896 40841
Project manager 31200 50% 100% 100% 15600 32760 34398 36118 37924
Operator 28800 50% 75% 100% 14400 30240 31752 33340 35007
Operator 28800 0% 0% 100% 0 30240 31752 33340 35007
Technician 26400 50% 75% 100% 13200 27720 29106 30561 32089
Administrative 21600 50% 75% 100% 10800 22680 23814 25005 26255
Total cost personnel 70800 178920 187866 197259 207122

The first year of investments will be used to obtain customers contracts
and start the production of the first amount of liposomes requested. By the
second year, the steady state production and sale of products will be
obtained. By the third year, the construction of a scaled pilot plant will be
started. For this reason, in Table X.8 a Profit & Loss Statement is proposed;
whereas, in Table X.9 a Cash Flow Statement is reported and finally in
Table X.10 a five year Balance Sheet.
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Table X.8 Profit & loss Statement

PROFIT & LOSS 2018 2019 2020 2021 2022
Liposomes sold 75586 869234 1417230 1606194 1700676
TOTAL REVENUES 75586 869234 1417230 1606194 1700676
Liposomes not sold 56689 75586 94482 94482 94482
TOTAL COGS 56689 75586 94482 94482 94482
COST OF NOT SOLD 5669 7559 9448 9448 9448
GROSS MARGIN 13227 786090 1313300 1502264 1596746
GROSS MARGIN % 17.50% 90.43% 92.67% 93.53% 93.89%
PERSONNEL 70800 148680 187866 197259 207122
EVENTS & FAIRS 16744 8372 8372 8372 8372
COMMUNICATION 20000 14680 14925 15241 14613
WEB 2400 2424 2472 2547 2649
MARKETING 39144 25476 25769 26159 25633
OPERATING 56943 58082 71898 73336 74803
SERVICES 14850 15593 17152 19725 23669
SUBCONTRACTORS 16250 6250 60202 6250 6250
TOTAL COSTS 197987 254081 362887 322729 337478
EBITDA -184760 532009 950412 1179534 1259268
DEPRECIATION 1000 1000 15270 15270 15270
EBIT -185760 531009 935142 1164264 1243998
INTEREST 0 0 0 0 0
EBT -185760 531009 935142 1164264 1243998
Taxes 0 196474 346003 430778 460279
NET PROFIT _185760 334536 589140 733487 783719

Table X.9 Cash Flow Statement

CASH FLOW 2018 2019 2020 2021 2022

EBITDA T184760 532009 950412 1179534 1259268

A INVENTORY 7559 79365 54800 18896 9448

A TAXES 0 196474 346003 430778 460279

gfg{,v OPERATING = CASH 195318 256171 549610 729860 789540

CFI: INVESTING CASH

- 10000 0 142700 0 0

PROVISION 4885 10259 12963 13611 14291

LONG TERM DEBT 0 0 0 0 0

EQUITY INJECTION 20000 0 0 0 0

CFF: FINANCING CASH

oW 24885 10259 12963 13611 14291

S?SH FLOW = CF + CFL + 150033 266430 419873 743471 803832

Table X.10 Balance Sheet
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BALANCE SHEET 2018 2019 2020 2021 2022
TANGIBLE FIXED ASSETS 0 0 142700 142700 142700
DEPRECIATION FUND 0 0 14270 28540 42810
NET TANGIBLE FIXED ASSETS 0 0 128430 114160 99890
INTANGIBLE FIXED ASSETS 10000 10000 10000 10000 10000
DEPRECIATION FUND 1000 2000 3000 4000 5000
NET INTANGIBLE FIXED ASSETS 9000 8000 7000 6000 5000
LONG TERM ASSETS 9000 8000 135430 120160 104890
INVENTORY 7559 86923 141723 160619 170068
CASH -177433 88997 508870 1252341 2056173
CURRENT ASSETS -169875 175920 650593 1412960 2226240
ASSETS -160875 183920 786023 1533120 2331130
EQUITY 20000 20000 20000 20000 20000
LEGAL RESERVE -9288 7439 36896 73570 112756
RETAINED EARNING -176472 141337 701020 1397832 2142365
EQUITY -165760 168776 757916 1491402 2275121
LONG TERM DEBT 0 0 0 0 0
PROVISION (TFR) 4885 15144 28107 41718 56009
LIABILITIES 4885 15144 28107 41718 56009
LIABILITIES & EQUITY -160875 183920 786023 1533120 2331130

From the previously proposed Tables, the Revenues, Profit and Cash
Flow diagrams in Figure X.3, Figure X.4 and Figure X.5 were obtained.

1700676
R 1606 194
LEIG008 4 1417 230
1400000 -
1200000 -
1000000 - 869 234
800000 -
600000 -
400000 -
200000 - /5586
o  HHR : . .
2018 2019 2020 2021 2022

Figure X.3 Revenues calculated for SuperLip commercialization (2018-
2022).
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During the first year of production, SuperLip will obtain Revenues for as
little as € 75, 000 for the reason stated above and linked to the acquisition of
contracts and start up of the society. Sales will then significantly increase up
to €1.7 million by 2022.

783.719
1.000.000 - 733.487
800.000 589.140

600.000 - 334.536
400.000 -

200.000

0 TR
2018 2019 2020 2021 2022

-200.000

NET PROFIT, €

-400.000 -185.760

Figure X.4 Net Profit diagram for SuperLip commercialization (2018-
2022).

Figure X.4 shows how a negative net profit is reached the first year,
since the activity needs to be financed to be commercialized. Then, by the
following year, the hypothesis of a higher commercialization of products has
been considered, resulting in an increasing net profit up to €780,000 in 2022.

CASH FLOW
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743.471 803.832
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400.000 - 266.430

419.873

200.000 -

CASHFLO
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-177.433

-200.000 -

-400.000 -

Figure X.5 Cash Flow Statement for SuperLip commercialization (2018-
2022).

Starting from the assumptions in the previous Tables, it is possible to
affirm that the payback time is reached at the second year of investment.
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An index analysis was finally performed on the SuperLip proposal of
commercialization. The Return On Sales (ROS) value was calculated on
product selling and commercialization. Then, the Internal Rate of Return
(IRR) was calculated (186 %), to indicate the interest value that indicates the
interest rate, with the sum of discounted cash flows becoming zero (Table
X.11).

Table X.11 Financial indexes calculation

€ 2018 2019 2020 2021 2022
REVENUES 75586 869234 1417230 1606194 1700676
NET PROFIT -185760 334536 589140 733487 783719
CASH FLOW -177433 266430 419873 743471 803832
ROS 2458% 385% 41.6% 457%  46.1%

discount factor 0.83 0.69 0.58 0.48 0.40

Discounted cash flow  -124384 130930 144645 179547 515600

Using the Discount Cash Flow method (sum of the yearly discount cash
flow), the hypothesized value for the SuperLip commercialization is around
€3 million.

SuperLip has been demonstrated to be a relatively cheap process to
develop, especially when considering the high potential applications
described.

In the future, the idea of a scale up to industrial level of this chemical
process plant will be considered, in order to produce a greater continuous
daily production.
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The aim of this PhD project has been to develop a new lab scale process
for the production of liposomes, overcoming the limitations linked to the
previously developed processes.

SuperLip process was designed and successfully tested for the
encapsulation of different compounds: proteins (bovine serum albumin),
dyes (fluorescein and aniline), antibodies, antibiotics (ampicillin, ofloxacin,
vancomycin, theophylline, amoxicillin), essential oils (eugenol, lipoic acid,
farnesol, linalool, limonene) and dietary supplements (olive pomace extract
and coffee seed root extract).

In Table XI.1, the list of compounds for which the encapsulation has
been obtained is reported. The proposed molecules have been divided into
three groups: water core entrapment, lipidic layer encapsulation and
encapsulation in both compartments.

The mean dimensions and average encapsulation efficiencies are reported
in Figure XI.1. Figure XI.1 summarizes the results obtained in this set of
experiments in terms of Encapsulation Efficiency Vs Mean Diameter.
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Figure XI.1 Working map of produced liposomes Vs the encapsulation
efficiency
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Table XI.1 List of compounds entrapped into liposomes by SuperLip,
specifying the compartment of encapsulation, Mean Diameter (MD),
Standard Deviation (SD) and average Encapsulation Efficiencies (EE)

Mean
. . Average
Liposome diameter .
Compound Encapsulation
Compartment (MD) Efficiency. %
nm * SD Yo 70
Fluorescein 277 +61 90
Bovine Serum Albumin 245 +73 93
Albumin - 379 491 99
fluorescein isothiocyanate
Antibody Mouse IgG 142 + 33 93
Isotype Control
Ofloxacin Water core 256 + 71 86
Theophylline 136 £ 86 98
Ampicillin 313+69 99
Amoxicillin 198 + 57 79
Vancomycin 180 +48 60
Olive pomace extract 264 + 98 58
Caffeine  from  spent 188 + 36 g7
coffee ground
Eugenol (inner core) Both 196 £ 76 93
Eugenol (lipidic layer) 234 + 101 86
Linalool 128 +49 55
Lipoic acid 109 +49 63
Limonene Lividic 1 159 £ 44 87
Farnesol IPIEIE YL 126 £ 35 74
Cholesterol 140 + 27 96
Phosphatidyletanolamine 150 £25 95

Summarizing the content of the upper part of Table XI.1, it is possible to
see that the liposomes of nanometric or sub-micrometric dimensions were
produced in all the experiments using the SuperLip technique, with
encapsulation efficiencies as high as 99 %. Most of the hydrophilic
compounds were encapsulated with an EE greater than 90 %.

The amphiphilic chosen compound was eugenol, entrapped both in the
lipidic layer (86 %) as well as in the inner water core (93 %). Water
entrapped eugenol caused the production of liposomes with a mean diameter
of 196 + 76 nm; whereas, the lipidic layer entrapped eugenol produced more
dispersed samples of liposomes, with a mean diameter of 234 = 101 nm.

The lipophilic compounds used for the encapsulation tests were
antioxidants particularly sensible to light and oxygen exposure. The obtained
liposomes were substantially smaller, with mean diameters from 109 + 49
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nm (lipoic acid) to 159 * 44 nm (limonene). The samples were less dispersed
while the average encapsulation efficiencies were smaller than the
hydrophilic entrapped compounds, from a minimum of 55 % (linalool) to a
maximum of 87 % (limonene).

Regarding the additives of the lipidic double layer, cholesterol and
phosphatidylethanolamine were also entrapped in the lipidic compartment of
liposomes, and a more compact structure was obtained, with encapsulation
efficiencies of 96 % (cholesterol) and 95 % (phosphatidylethanolamine).

The map of Figure XI.1 represents how most of the experiments are
collocated in the area of the graph characterized by a high entrapment
efficiency and smaller diameters. These two combined parameters are
significant since the liposomes of nanometric dimensions can be up taken
more easily by cells and the high encapsulation efficiency enhances drug
bioavailability during drug administration and release profile.

IX.1 Discussion

A summary of the PAINS and GAINS of the SuperLip technique, compared
to the other processes reported in the literature, is provided in Table XI.2.

Table XI1.2 Summary of the PAINS and GAINS of other liposomes
production methods Vs. SuperLip

SuperLip method
Other methods PAINS GAINS
Micrometric dimensions Nanometric dimensions
High solvent residue Low solvent residue
Low encapsulation efficiencies Encapsulation efficiencies
Post-processing steps 1-shot production
Batch layout Continuous and replicable

Supercritical assisted Liposome formation successfully demonstrated to
overcome many limitations linked to traditional production methods of
liposomes. Exploiting the high diffusion coefficient of supercritical carbon
dioxide, liposomes of nanometric and sub-micrometric mean dimensions
were obtained, with a better control of particle size distributions than
previously proposed processes.

Control of liposomes diameter was one of the key challenge in the
vesicles production, especially at nanometric level. This thesis revealed that
in the case of SuperLip, the parameter that mainly controls liposome
diameter is GLR-EL.

Another relevant result of this study is the reduction of the solvent
residue changing GLR-EL, i.e. changing the ethanol mole fraction in the EL.
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Final discussion and conclusions

For this reason, a very low amount of ethanol is dissolved in liposome water
suspension, using this technique. This guarantees high biocompatibility of
the vesicles in biomedical applications.

Nanometric dimensions of liposomes were achieved “one shot”, without
the need of post-processing steps such as extrusion or sonication, that are
often reported in the literature to be time consuming and expensive.

The encapsulation efficiency of the chosen compounds were high up to
99 %, an exceptional result if compare with the 20-30 % of conventional
techniques.

Moreover, the continuous layout of the process guaranteed homogeneous
and repeatable results; whereas, in the batch layouts of several conventional
techniques, this was not guaranteed. The continuity of SuperLip process also
gave the possibility to design a scale up of the system to the industrial level.
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Chapter XI

IX.2 Future perspectives
In the future, there are many applications that could be studied with
liposomes produced with SuperLip:

168

Sequestration of oxygen into liposomes for oxygen therapies

Atomic Force Microscopic characterizations for liposome
mechanical properties

Rheological measurement of liposomes viscosity in gel bulks
Citotoxicity and internalization experiments to study in vitro cell
response.

Production of surface-modified liposomes with improved target-
delivery functions
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Abbreviation list

DDS: Drug Delivery Systems,

SUV: Single Unilamellar Vesicles,

MUYV: Medium Unilamellar Vesicles,

LUV: Large Unilamellar Vesicles,

GUYV: Giant Unilamellar Vesicles,

OLYV: OligoLamellar Vesicles,

MLYV: MultiLamellar Vesicles,

MVYV: MultiVesicular Vesicles,

EE: Encapsulation Efficiency,

PDI: Polidispersity Index,

SD: Standard Deviation,

MD: Mean Diameter,

PSD: Particle Size Distribution,

SCF: SupercCritical Fluids,

SC-CO,: Supercritical Carbon Dioxide,

GLR-EL: Gas to Liquid Ratio of the Expanded Liquid,
FBSA: Albumin fluorescein isothiocyanate

PC: Phosphatidylcholine,

PE: Phosphatidylethanolamine,

Chol: Cholesterol,

EUG: Eugenol

SuperLip: Supercritical assisted Liposome formation,
FV: Formation Vessel,

H: Homogenizer,

Sep: Separator,

FE-SEM: Field-Emission Scanning Electron Microscope,
TEM: Transmission Electron Microscope,

SAS: Supercritical Anti-Solvent,

RESS: Rapid Expansion of a Supercritical Solution,
HPLC: High Performance Liquid Chromatography,
Eug: Eugenol,

A: Ampicillin,

OF: Ofloxacin,

PGSS: Particles from gas saturated solution,

GI: Gastrolntestinal tract,

PEG: PolyEthylene Glycol

SCRPE: SuperCeritical fluid Reverse Phase Evaporation
NTA: Nanoparticle Tracking Analysis

MW: Molecular Weight

TE: Trapment Efficiency

RVE: Reverse phase Evaporation Vesicles
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TLH: Thin Layer Hydration

LOM: Lipid Oxygen containing Microparticles
BSA: Bovine Serum Albumin

PIC: polyinosinic-polycytidylic acid,

NIR: Near Infrared,

HNG: Hollow Gold Nanospheres,

TSL: Temperature Sensitive Liposomes,

SR: Solvent Residue

F: Farnesol

V: Vancomycin

TRL: Technology Readiness Level

CF: Cash Flow

ROS: Return on Interest

IRR: Internal Rate of Return

EBTDA: Earnings Before Interest, Tax, Depreciation and Amortization
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