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Chapter 1 - Introduction



1. State of the art

Vaccination stands out as the most potent and successful preventive measure ever devised to
safeguard individuals worldwide from life-threatening diseases [1,2]. It contributes not only to
individual protection but also to community immunity and has a crucial role in preventing and
controlling the outbreaks of various diseases, contributing significantly to public health efforts
[2,3].

Vaccination works by leveraging the body's natural immune response to safeguard against
infectious diseases. The ultimate goal is to establish immunity without causing the disease
itself. Th process typically involves administering a vaccine, which contains weakened or
inactivated forms of pathogens or specific components (antigens) that trigger an immune
response. The immune system recognizes these antigens as foreign invaders and initiates a
defence mechanism to neutralize or eliminate them. Upon vaccination, the immune system's
primary components, such as white blood cells and antibodies, are activated. Memory cells
are also produced, which "remember" the encountered antigens. If the vaccinated individual
later encounters the actual pathogen, the immune system can mount a rapid and effective
response, preventing or mitigating the infection. This adaptive immune response includes the
production of antibodies that can neutralize the pathogen, as well as the activation of killer T
cells that can destroy infected cells.

Unfortunately, despite its significance, global vaccine coverage has reached a plateau in the
past decade, resulting in a growing number of unvaccinated children, particularly in low-
income and lower-middle-income countries [4]. Several factors contribute to this issue,
including supply constraints, limited access to services, and, in some instances, the
emergence of new conflicts. Notably, in high-income countries, vaccine hesitancy ranks
among the top ten reasons, as observed during the recent COVID-19 pandemic.

Vaccine hesitancy is a multifaceted and context-specific challenge. It is influenced by factors
such as complacency, convenience, and confidence [5,6]. The majority of globally used
vaccines are administered through parenteral methods, involving intramuscular or
subcutaneous injections, presenting various disadvantages such as pain, local injury, product
contamination risks, reliance on healthcare facilities, professional medical staff, and
expensive formulations [7,8]. As these issues are widespread and affect diverse regions,
addressing them becomes a focal point for comprehensive health improvement efforts,
especially in low-income countries. Non-invasive vaccination methods, including oral, buccal,
sublingual, intranasal, pulmonary, and transcutaneous routes, offer promising avenues to
mitigate these challenges and enhance safety [9].

The oral route is widely accepted for its accessibility and high patient compliance, although
challenges like the stomach's acidic environment and liver metabolism can limit bioavailability.
Despite these hurdles, strategies exist to make oral administration effective. In vaccine
formulations, oral administration allows self-administration, improves compliance, and
stimulates the gastrointestinal immune system [10]. However, only a limited number of oral
vaccines are licensed and used clinically [11]. To address challenges, alternative strategies like
buccaland sublingualimmunization have been explored [12]. The potential benefits of different
dosage forms and the high patient compliance of oral, buccal, and sublingual routes encourage

2



scientists to develop new vaccines for enhanced immune responses at both systemic and
mucosal levels.

The respiratory route emerges as a practical choice for mass vaccination due to its needleless,
painless, and highly accessible nature [13,14]. Immunologically, its appeal lies in key
components between the upper and lower respiratory tracts, offering protection against
airborne diseases [14]. The ability to counter pathogens at the entry site and achieve systemic
immunization enhances its strategic importance. Existing vaccines like Fluenz®, Flumist®, and
Nasovac® target influenza through intranasal administration.

The skin, as the largest and most accessible route for therapeutics, has a historical use for
immunization [15,16]. However, despite its potential, most of currently licensed vaccines are
delivered through intramuscular and subcutaneous injections using hypodermic needles,
leading to issues such as needle phobia, pain, injuries, infection risks, and high overall costs.
Despite the skin's complex immune cell network, traditional methods do not achieve skin
immunization [17-19]. To address this challanges, nanocarriers like liposomes, often coupled
with devices or physical techniques, are explored as minimally invasive or non-invasive
alternatives for immunization, offering potential solutions to current limitations.

On the whole, in contrast to existing immunization methods, non-invasive vaccination has the
potential to stimulate local cellular and humoral immunity in the skin and mucosae, which are
primary entry points for pathogens into the human body and are typically not adequately or
entirely stimulated by parenteral vaccination [14]. Furthermore, non-invasive vaccination
methods offer advantages such as avoiding systemic drawbacks, improving patient
compliance, enabling self-administration, eliminating the need for specialized personnel, and
significantly reducing costs associated with mass immunization. These benefits associated
with non-invasive or minimally invasive administration routes hold substantial promise and
could be widely adopted in future vaccination programs. However, at present, only a limited
number of vaccines, including FluMist/Fluenz® and Nasovac™ for intranasal administration,
and Vaxchora® Dukoral® Rotarix™, Rotaleq® Vivotif®, and oral polio vaccine for oral
administration, are employed, and this is limited to specific countries.

In the present era, it is imperative to expand exploration beyond alternative administration
routes exclusively. It is evident that relying solely on these approaches is insufficient for
achieving a notable enhancement in vaccine efficacy and safety. Consequently, there is a
concurrent consideration for the integration of molecules or systems known as adjuvants,
aimed at boosting the immune response to antigens [20-22]. Adjuvants enhance vaccine
effectiveness through mechanisms like aiding antigen transport to lymph nodes, safeguarding
the antigen, amplifying reactions at the administration site, inducing cytokine release, and
engaging with pattern recognition receptors [23,24]. Within this context, nanotechnologies
present a promising approach, serving a dual purpose by delivering antigens and/or additional
adjuvants while also manifesting inherent adjuvant effects. This utilization of nanotechnologies
contributes to improving the stability and safety profiles of the delivered components [25,26].

Nanotechnologies, arising from the study of phenomena at nanoscale dimensions, have
become integral in medical applications [27]. These nanosystems, with unique properties like
size, shape, surface area, and charge, play a crucial role in overcoming biological barriers,
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enabling controlled drug release, and minimizing toxicity in medical treatments. These
adaptable nanocarriers, now clinically approved, are instrumental in treating various
conditions, including infections, chronic diseases, pain management, autoimmune diseases,
mental disorders, and cancer [28]. A noteworthy exploration is in "nanovaccinology," leveraging
non-viral vectors to deliver antigens and adjuvants, addressing challenges in conventional
vaccines. This approach aims to enhance immunogenic responses, improve safety, and
overcome logistical hurdles related to storage and administration [25,29].

Liposomes have gained recognition as highly effective carriers in the realm of vaccine
development [30]. Comprising nanosized vesicles crafted from phospholipids, these
structures create closed bilayers in water, enveloping an aqueous core and one or more
interlamellar spaces [31]. This unique configuration not only allows liposomes to encapsulate
hydrophilic molecules but also to entrap hydrophobic ones, showcasing their versatility
[32,33]. The cell-like membrane structure, coupled with attributes such as high
biocompatibility, low immunogenicity, and the capability to safeguard payloads, makes
liposomes ideal candidates for enhancing antigen presentation. Beyond these advantages,
liposomes play a pivotal role in modifying the biodistribution of payloads, reducing their
toxicity, and extending their half-life in the body. This multifaceted functionality positions
liposomes as promising tools to overcome the challenges encountered with conventional
vaccines.

It's worth noting that ongoing research in liposomal vaccine development aims to further
optimize their features, including refining the encapsulation process and exploring tailored
modifications for specific medical applications. These advancements underscore the dynamic
nature of liposomal technology in the continuous quest for more effective and targeted vaccine
delivery systems.

In recent studies, novel approaches to oral vaccination have been explored using liposomal
formulations. Liu and colleagues, in 2014, developed an oral vaccine employing DNA-loaded
cationic liposomes targeting the influenza A virus M1 gene. The formulation induced robust
humoral and cellularimmune responses, providing respiratory immunity in mice [34]. Harde et
al.in 2015 focused on oral vaccination using liposomes and layersomes encapsulating tetanus
toxoid [35]. Layersomes, exhibiting enhanced stability in biological fluids, proved more
effective in inducing immune responses in comparison to liposomes, emphasizing the
importance of thoughtful formulation design. Wilkhu et al. successfully employed bilosomes
for oral delivery of recombinant influenza hemagglutinin, demonstrating antigen retention,
effective uptake in the small intestine, and protection against fever and lung inflammation in
ferrets [36]. Jain and colleagues chemically modified bilosomes with glucomannan for oral
delivery of bovine serum albumin, showcasing stability in simulated gastrointestinal fluids,
sustained antigen release, and improved uptake [37,38].

Wang and colleagues introduced an innovative approach to oral mucosal vaccination by
designing dry powder dually decorated liposomes, combining the advantages of oral mucosal
administration with a cold chain-free, adjuvanted delivery system [38]. Subsequent studies
coupling these liposomes with microneedles demonstrated improved stability and increased
in vivo response [39-41]. MaSek and colleagues explored multi-layered nanofibrous
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mucoadhesive films containing liposomes for buccal and sublingual vaccination and
successful results were achieved in ex vivo and in vivo pig models [42]. Garcia-del Rio and his
team introduced a mucoadhesive thermogelling hydrogel containing liposomes for sublingual
application against Chlamydia trachomatis enhancing the immune responses in vivo [43].
Oberoi and collaborators explored the co-delivery of influenza antigens with traditional and
methylglycol chitosan modified liposomes, emphasizing the significance of
mucoadhesiveness for sublingual vaccines. Despite the interesting results, no sublingual
vaccines have been commercialized to date [44].

Tasaniyananda et al. explored an inhalatory vaccine using liposomes to encapsulate cat
allergens, reducing allergic manifestations in a mouse model of cat allergic rhinitis [45]. Yang
et al. conjugated lipopeptide-based liposomes with cell-penetrating peptides to enhance
membrane permeability and extend protection against group A Streptococcus [46]. Azuar et al.
utilized instead cholic acid for conjugation, generating strong humoral immune responses in
mice [47]. Senchi et al. investigated oligomannose-coated liposomes against human
parainfluenza virus type 3, revealing significant viral-specific immunity at a reduced antigen
dose [48]. Dhakal et al. enhanced immune responses against influenza using liposomes
adjuvanted with monosodium urate crystals [49]. The vaccine reduced flu clinical signs and
achieved broad protection but remained ineffective against different influenza virus subtypes.
Wang et al. addressed this challenge by using negatively charged liposomes with 2',3'-cyclic
guanosine monophosphate-adenosine monophosphate as an adjuvant [50]. During the
COVID-19 outbreak, An et al. developed a single-dose intranasal vaccine encapsulating the
same adjuvant in negatively charged liposomes with the trimeric S-protein of SARS-CoV-2
adsorbed on the surface [51]. The vaccine demonstrated safety and comprehensive immunity
at nasal and lung levels.

Studies by Tada et al. showed that co-administration of antigens with cationic liposomes
boosted uptake by dendritic cells, and liposomes carrying immunostimulatory CpG motifs
increased mucosal immunity while reducing side effects [52,53]. Wenjing et al. found that
certain cationic liposomes outperformed others in internalization by dendritic cells and
efficacy in boosting mucosal and systemic antibody titres [54]. Yusuf et al. explored cationic
liposomes with positive charge inducers as alternatives to address cost and toxicity concerns,
demonstrating improved internalization and humoral responses [55]. Marasini et al. developed
a trimethyl chitosan-coated liposome vaccine for Group A Streptococcus, achieving durable
immunization and specific antibody titres [56]. Intranasal vaccines extend beyond local
protection were obtained by Leroux-Roels et al. integrating the HIV-1 Gp41 P1 peptide into
liposomes [57]. Wang, Jiang et al. created galactose-modified liposomes loading ovalbumin,
stimulating mucosal and systemic immune responses [58]. Kakhi et al. developed liposomal
vaccines against lung tumors, showcasing a strong immune response with lower vaccine doses
[569,60]. While these liposomal vaccines exhibit promise, further studies are essential before
clinical application.

Zhang et al. compared the skin delivery capabilities of liposomes, transfersomes, and
ethosomes, carrying ovalbumin and saponin [61]. Archaeosomes, which lamellar vesicles
containing lipids from Archaea, were formulated by Jia et al. demonstrating their superiority
over liposomes [62]. Caimi and colleagues enriched archaeosomes with sodium cholate,
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creating ultradeformable archaeosomes for delivering imiquimod, a topical adjuvant [63].
Higher stability against various conditions (thermal stress, sterilization, freeze-drying) and
consistent immune responses were found with ultradeformable archaeosomes from
Halorubrum tebenquichense [63]. Higa et al. explored ultradeformable archaeosomes against
leishmaniasis [64]. Bernardi and colleagues formulated ovalbumin-loaded liposomes with
silver nanoparticles to enhance iontophoresis efficiency and antigen delivery achieving a 92-
fold improvement and higher responses in vivo compared to free ovalbumin [65]. Yuan-Chuan
Chen explored microneedles to deliver a liposomal vaccine against plague to the skin, inducing
higher antibody titres and survival rates compared to control groups administered topically
[66]. Duand co-workers took advantage of hollow microneedle to deliver liposomes, co-loaded
with ovalbumin and polyriboinosinic-polyribocytidylic acid [67,68]. Wu and colleagues
explored the combination of ovalbumin-loaded transfersomes with self-dissolving
microneedles, presenting a promising method for cutaneous vaccination [69]. Qiu et al.
investigated cationic liposomes coupled with dissolving microneedles for transcutaneous
immunization against hepatitis B [70]. Guo and co-workers developed polyvinylpyrrolidone
dissolving microneedles combined with cationic liposomes, demonstrating rapid dissolution,
balanced immune responses, and enhanced antibody levels [71]. Zhao and Zhang achieved
similar success with polyvinylpyrrolidone-K17/K30 dissolving microneedles [72]. Zhang et al.
incorporated ovalbumin-loaded ethosomes with a saponin into carbomer hydrogels for easier
vaccine administration [73]. Yang et al. explored the immunization potential of ovalbumin-
loaded ethosomes modified with hyaluronic acid and galactosylated chitosan, incorporated
into nanofibrous mats [74].

Despite promising global research outcomes, to date, only 6 out 25 liposomal formulations in
the market are vaccines, indicating persistent challenges in commercializing new products
[75].



2. Hypothesis and objectives

Currently, immunisation can be achieved through different types of vaccines. Among them,
subunit vaccines, which are made of proteins or sugars obtained from pathogens, shine for
their safety and are therefore suitable for high-risk individuals. Regrettably, they often induce a
weaker immune response than less safe types of vaccines (i.e., live attenuated or inactivated
vaccines), may undergo to aggregation and require particular storage conditions.

Hypothesis 1: liposomes might be used to fill two needs with one deed. Having delivery and
protecting shield capabilities, liposomes can prevent antigen aggregation and degradation. In
addition, they can be used to load adjuvants or display intrinsic adjuvanticity themselves,
producing stronger responses.

However, as stated in section 1, today’s vaccines cannot be investigated without taking into
careful consideration the administration route. This parameter is indeed a key element,
affecting not only the perception of the vaccine but also the whereabouts of the response. For
instance, vaccines administered via injection may elicit a more systemic response, whereas
those administered through mucosal surfaces could trigger both local and distal responses.

Hypothesis 2: alternative routes to injection can improve adherence to vaccination and provide
a first shield against pathogens infections right at the entry sites of the body, offering the local
protection that is given up by injection.

Onthese premises, the peptide model antigen ovalbumin, which has been widely studied, was
encapsulated in liposomes, and cutaneous, nasal, and pulmonary delivery were exploited as
administration routes for liposomes.

Objectives: with that in mind, in this thesis we aimed at:

1. Producing liposomes with an eco-friendlier and safer method than the ones found in
literature.

2. Tailoring the composition of the antigen-containing liposomes depending on the
administration route investigating new or more cost-effective compositions.

3. Evaluating whether the composition affected the antigen presentation or not.

4. Testing and characterising semi-solid (imbibed hydrogels), liquid (nasal spray) or solid
(dry powders) systems.

5. Selecting the most suitable formulation depending on the foreseen use.

6. Pursuing non-invasive administration to promote local protection.



3. Methodology

3.1 Liposome preparation and characterization

3.1.1 Liposome preparation

In all the studies, ovalbumin-encapsulated vesicles were prepared eco-friendly by direct
sonication avoiding the use of organic solvents. When labelling was required, vesicles were
prepared replacing ovalbumin with the ovalbumin—fluorescein isothiocyanate conjugate (referred as
labelled ovalbumin, excitation: 495 nm; emission: 520 nm).

In the first study, ovalbumin-encapsulated transfersomes were prepared to promote antigen
deposition in the skin. Lipoid S75 (60 mg/mL), sodium deoxycholate (5 mg/mL) and ovalbumin (5
mg/mL) were dispersed in freshly prepared 0.9% saline (2 mL) containing glycerol (10% w/v) or
sodium hyaluronate (0.1% w/v) or their combination at the same concentrations (Table 1). The
dispersions were sonicated 4 times (4 sec. on, 2 sec. off, 5 cycles, 14 ym amplitude) with a 5-minute
pause at each repetition to avoid overheating phenomena. Al the formulations were sterilized by
filtration through Corning® syringe filters (pore size 0.2 um) in autoclaved vials and stored at 4 °C under
vacuum.

Table 1. Composition of ovalbumin-encapsulated transfersomes.

Sodi Sodi Sali
Lipoid o' 'um Ovalbumi odium Glycero a |n.e
deoxicholat hyaluronat solutio
S75 n L
e e n
/mL /mL % w/
(mg/mb)  emy MM gy Yy
Glycerol- 60 5 5 ] 10 1
transfersomes
Hyal -
yaiuronan 60 5 5 0.1 ; 1
transfersomes
Glycerohyalurona
60 5 5 0.1 10 1

n-transfersomes

In the second study, ovalbumin-encapsulated anionic and cationic liposome were prepared for
nasal administration. Anionic liposomes were prepared dispersing Phospholipon® 90G (69
mg/mL), cholesterol (1 mg/mL) and ovalbumin (5 mg/mL) in sterile bidistilled water. Cationic
DOTAP-liposomes were prepared instead replacing 9 mg/mL of Phospholipon® 90G with 9
mg/mL of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), thus keeping constant the
total lipidic weight (70 mg/mL). Both dispersions were then directly sonicated twice (4 sec. on,
2 sec. off, 5 cycles, 14 ym amplitude) using a Soniprep 150 sonicator (MSE Crowley, London,
UK), allowing each sample to cool down 5 minutes between the two sonication sessions. All
the formulations were sterilized by filtration through Corning® syringe filters (pore size 0.2 pm)
in autoclaved vials and stored at 4 °C under vacuum.



In the third study, ovalbumin-encapsulated anionic liposomes were prepared and freeze-dried
to obtain a suitable dry powder for lung delivery. P90OH, SPC-3, DPPC or DSPC (14 mg) were
dispersed in Milli-Q water (3 mL) along with 1 mg of cholesterol and 10 mg of ovalbumin (Table 2).
This mixture was sonicated using a probe cell disruptor (Branson Sonifier 250, USA) three times (three
cycles) for 90 seconds [76]. Pulsed mode was used (duty-cycle 70%, output control 5) and a 90-
second cool down between cycles was set.

Table 2. Qualitative and quantitative composition of ovalbumin-encapsulated liposomes.

P90OH SPC-3 DPPC DSPC Cholesterol Ovalbumin Water

(mg) (mg) (mg) (mg) (mg) (mg) (mL)
F.’QOH 14 - - - 1 10 3
liposomes
SPC-3 - 14 - - 1 10 3
liposomes
D.PPC - - 14 - 1 10 3
liposomes
D_SPC - - - 14 1 10 3
liposomes

Allthe formulations were freeze-dried after the addition of increasing amounts of Respitose, trehalose
or inulin (15, 30 or 45 mg, respectively). Freeze-drying was carried out in a Lyobeta freeze-dryer
(Telstar, Spain) for 42 hours [77]. Being the re-dispersibility index a measure of the effectiveness of the
freeze-drying process, it was calculated for the ovalbumin-encapsulated liposomes, prepared without
(0 mg) or in combination with trehalose or Respitose, or inulin (15, 30 and 45 mg), as a ratio between
the mean diameter measured after freeze-drying and rehydration (final size) and the mean diameter
measured before freeze-drying (initial size) [78].

3.1.2 Morphological analysis

In all the studies, cryogenic transmission electron microscopy was used to assess the formation of
vesicles as well as their morphology. 5 pL of each colloidal dispersion were loaded on a glow-
discharged holey carbon grid and blotted with filter paper to obtain a thin film. It was vitrified with a
Vitrobot (FEI Company, Eindhoven, The Netherlands) submerging the grid (kept at 100% humidity and
room temperature) into ethane maintained at its melting point with liquid nitrogen. Finally, it was
transferred using a Gatan cryo-transfer (Gatan, Pleasanton, CA, US) to a Tecnai F20 TEM (FEI
Company) and images were acquired at 200 kV, -175 °C and in low-dose imaging mode with a 4096 x
4096 pixel CCD Eagle camera (FEI Company). In the third study, the analysis was conducted before
freeze-drying and after freeze-drying and rehydration.



3.1.3 Mean diameter, polydispersity index and zeta potential

The measurement of mean diameter, polydispersity index and zeta potential of vesicles was
performed using a Zetasizer Ultra (Malvern Instruments, Worcestershire, UK). Mean diameter and
polydispersity index were determined by means of the dynamic light scattering technique, which
measures the Brownian motion of the particles in the sample. Zeta potential was instead detected
through the mixed-mode measurement-phase analysis, which measures the electrophoretic mobility
of the particles in dispersion. All the samples were properly diluted with water prior to analysis.

3.1.4 Stability studies

Colloidal dispersions were stored at 4 °C and kept under vacuum before and after every
measurement. Mean diameter, polydispersity index and zeta potential were assessed with the
Zetasizer Ultra (Malvern Instruments, Worcestershire, UK) at regular intervals to detect any variation.

3.1.5 Encapsulation efficiency

The encapsulation efficiency of liposomes was determined indirectly. Vesicle dispersions were
properly diluted with distilled water and placed into Vivaspin® 2 centrifugal separators. The samples
were centrifuged at 1000 rpm for 2 hours, at 25 °C, through a centrifuge equipped with swing bucket
rotor. The amount of free ovalbumin collected in the purification filtrates was determined with the
bicinchoninic acid protein assay kit, reading the absorbance at 562 nm with a UV spectrophotometer
(Lambda 25, Perkin Elmer, Milan, Italy). All experiments were performed in triplicate. In the third study,
all the experiments were performed before and after freeze-drying and rehydration of the vesicle
dispersions.

3.1.6 Penetration studies

In the first study, labelled ovalbumin was encapsulated in the enriched transfersomes and in vitro
deposition studies were performed using vertical Franz cells with an effective diffusion area of
0.785 cm?, thermostated at 37 £ 1 °C, and maintained under continuous stirring (300 rpm). Excised
dorsal skin of one-day-old pigs, dead from natural causes, were stripped to remove stratum corneum
by adhesive tape Tesa® AG (Hamburg, Germany) (n = 10 strips) and sandwiched between the donor
and receptor compartments of the cells. The receptor compartment was filled with saline solution
and the skin specimens (n = 3 per formulation) were left to equilibrate at 37 £ 1 °C in this solution
overnight. Labelled ovalbumin, in solution or encapsulated in the enriched transfersomes, and saline
solution (100 pL) were applied onto the skin specimen in non-occlusive or occlusive conditions, the
latter achieved with cling film. Alternatively, the hydrogel disks (section 2.2) previously imbibed with
the same samples were applied to the skin as well. The Franz cells were covered with tin foil to avoid
direct exposure to light. Every 2 hours, saline solution was withdrawn and replaced by new medium
to mimic the sink conditions. Experiments were conducted for 4 and 8 hours and, at the end, epidermis
and dermis were severed and sliced using a surgical scalpel, placed in amber, glass vials with 2 mL of
a mixture of ethanol and methanol (1:1 v/v) and sonicated in an ice bath to extract the free labelled
ovalbumin. The resulted solution was filtered with syringe filters (Corning®, pore size 0.2 um) and the
ovalbumin was fluorescently quantified with a plate reader (Lambda 25, Perkin Elmer, Milan, Italy).
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3.1.7 Mucoadhesiveness

In the second study, the zeta potential variations and mucin adsorption onto vesicle surfaces were
measured to assess their mucoadhesiveness [79]. Vesicles were diluted (1:80) with a mucin solution
(0.5 mg/mL), vortexed 10 seconds and incubated in a humidified atmosphere at 5% CO, and 37 °C for
20 minutes, which corresponds to the mucociliary clearance time in the nose [80,81]. Zeta potential
was measured at 37 °C, every 5 minutes during the 20-minute incubation period (0, 5, 10, 15 and 20
minutes), and compared with the zeta potential of the corresponding vesicles diluted with water.

To assay the mucin adsorption instead, the method developed by Salade and co-workers was
employed with some modifications [81]. Once the incubation time had elapsed, the vesicle
dispersions diluted with mucin were centrifuged at 4000 rpm for 10 minutes and 25 pL of supernatant
were collected to quantify the amount of free mucin by the bicinchoninic acid protein assay kit.
Vesicles diluted with water, either loading ovalbumin or not, were used as references. The percentage
of mucin adsorbed onto the vesicles was indirectly calculated, according to the following formula:

Adsorbed mucin (%) = (total mucin - free mucin)/total mucin x 100

3.1.8 Mucus permeation of ovalbumin

In the third study, the capability to cross the mucus over time of labelled ovalbumin, in solution or
encapsulated in liposomes, was assessed using a Transwell® artificial mucus model [82,83]. Artificial
mucus was prepared mixing 250 mg of mucin, 500 mg of DNA, 250 mg of sodium chloride, 110 mg of
potassium chloride, 250 pL of sterile egg yolk emulsion, 300 pL of a solution of
diethylenetriaminepenta-acetic (1 mg/mL) and 1 mL of RPMI in 50 mL of Milli-Q water. 200 pL of
artificial mucus were transferred into each donor chamber of the Transwell® (6.5 mm well, 5.0 um
pore), and 300 uL of PBS (10 mM, pH 7.4) were added to each acceptor chamber. The Transwell® was
incubated at 37 °C for 1 hour prior to start the experiment and kept at this temperature for its entire
duration (24 hours). 50 uL of labelled ovalbumin in solution or encapsulated in liposomes was added
to the mucus, in the donor chamber, with 50 uL of PBS (liposomes alone) or in association with a
mucolytic agent, BromAc® BromAc® (50 uL) was added at two different concentrations
corresponding to 2% (w/v) N-acetyl cysteine + 100 pg/mL Bromelain (lower dose) or 2% N-acetyl
cysteine (w/v) + 250 pg/mL Bromelain (higher dose). PBS alone (100 plL) was used as control. At 1, 2,
4,10 and 24 hours, 50 pL of the medium in the acceptor chamber were withdrawn, replaced with fresh
PBS (10 mM, pH 7.4) and dissolved in 250 pL of absolute ethanol in order to quantify the quantity of
labelled ovalbumin able to cross the mucus. At each time point, the permeated ovalbumin (%) was
calculated as follows:

[Labelled ovalbumin]cceptor chamber 100

Ovalbumi ted (%) =
valbumin permeated (%) = = o oo chomber
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3.2 Hydrogel disks preparation and characterization

3.2.1 Preparation of hydrogel disks

In the first study, a hydrogel was prepared dispersing polyvinyl alcohol (10% w/v) in Milli-Q water and
sonicating the system (4 sec. on, 2 sec. off, 90 cycles, 14 pm amplitude) to obtain a clear dispersion
and avoid bubble formation. Aliquots (300 pL) of dispersions were then poured into each well of a 24-
well plate, frozen at -20 °C for 16 hours and subsequently thawed for 8 hours (freeze-thawed). After
two cycles of freeze-thaw, samples were freeze-dried at 0.5 mBar for 8 hours after freezing samples
(-20 °C) overnight with no addition of secondary drying. Finally, all hydrogels were cut round with a
chisel (hydrogel disks).

3.2.2 Swelling ratio and imbibition time of hydrogel disks

In the first study, the ability of the hydrogel disks to capture water (swelling) overtime was measured
as a function of weight changes. Therefore, the freeze-dried hydrogel disks (n = 3) were weighted on
analytical balance, submerged in an excess of water (9 mL) and, at each time point (0.5, 1, 2, 3,4, 6
and 8 hours), they were gently blotted with paper, reweighted, and submerged in water again, noting
the weights. The hydrogel disk swelling (%) was calculated on the basis of the weight of the freeze-
dried hydrogel whereas the equilibrium swelling and the time needed to reach it (minimum imbibition
time) were determined once a constant hydrogel disk weight was achieved after repeated submersion
in water [84].

3.2.3 Loading of labelled ovalbumin dispersions into hydrogel disks and analysis of their
contents

In the first study, freeze-dried hydrogel disks (n = 3) were hydrated with 300 pL of labelled ovalbumin,
in solution or encapsulated in transfersomes, and incubated for 3 and 12 hours within a 24-well plate.
At each time point, each hydrogel disk was taken, placed in an amber vial (10 mL) with 2.7 mL of water
and sonicated (4 sec. on, 2 sec. off, 40 cycles, 14 y amplitude) to release vesicles. Subsequently, 10
pL were withdrawn, diluted with 2.49 mL of a mixture of ethanol and methanol (1:1 v/v) and sonicated
to release labelled ovalbumin from the enriched transfersomes. A centrifugation cycle (4000 rpm, 10
minutes, 25 °C) was performed in order to deposit any debris before reading the fluorescence of
supernatant (190 L) with a plate reader (Lambda 25, Perkin Elmer, Milan, Italy).

3.3 Nasal spray characterization

3.3.1 Droplet size distribution by laser diffraction
In the second study, the droplet size distribution was evaluated by laser diffraction using the Spraytec®
(Malvern Panalytical Ltd., Malvern, United Kingdon). Tests were carried out at nozzle tip-to-laser
distances of 4 and 7 cm, complying with both the measurement range (3-7 cm) and the distance
between measurements (3 cm) set by the Food and Drug Administration. 6 mL of each formulation
were used to fill a commercial pump device (20 mL) kindly provided by FAES laboratories. All the
measurements were performed in triplicate, at 25 °C, positioning the pump device at a 45° angle to
the reading laser beam. After every actuation, the values D10, D50 and D90, which represent the
respective percentage (10%, 50% and 90%) of all the particles below the registered size, along with
the Span, which expresses the uniformity of the droplet size distribution, were collected.
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3.3.2 Droplet deposition in the Alberta Idealized Nasal Inlet

In the second study, fluorescein isothiocyanate-dextran replaced ovalbumin as a fluorescent probe in
anionic liposomes and cationic DOTAP-liposomes during their preparation. The Alberta Idealized
Nasal Inlet (Copley Scientific, Nottingham, United Kingdom) was coated with the mucin solution (0.5
mg/mL) in section 2.1.6 and connected to the Next Generation Impactor (Copley Scientific,
Nottingham, United Kingdom). The commercial Nasonex device was filled with 6 mL of dispersions of
either negative or positive liposomes, oriented to 45° with respect to the Alberta Idealized Nasal Inlet
and manually actuated three times for each formulation. A Petri dish was placed under the device to
recover the sample in case of dripping. To simulate slow inhalation through a single nostril, a steady
flow rate of 7.5 L/min was set. Experiments were performed in triplicate. After each experiment, the
Alberta Idealized Nasal Inlet was disassembled and each region was washed with appropriate
volumes of methanol to release and detect the fluorescein isothiocyanate-dextran (A excitation: 495
nm; A emission: 525 nm) spectrophotometrically (Lambda 25, Perkin Elmer, Milan, Italy).

To qualitatively assess the deposition, anionic liposomes and cationic DOTAP-liposomes were mixed
with 20 pL of a solution (2 mg/mL) of blue patent dye and red ponceau dye, respectively. Pictures were
taken after actuating the device in the same conditions reported above.

3.4 Dry powder characterisation

3.4.1 Dilution of freeze-dried liposomes and capsule filling

In the third study, just before testing with Spraytec® or Next Generation Impactor, the freeze-dried
formulations were diluted to 1) finely regulate the dose of ovalbumin and 2) decrease the adherence
of the powder particles. Respitose (1:10 w/w) was used as diluent and the resulting powders were
homogenised for 10 seconds using a CapMixTM (3 M-ESPE, Diegem, Belgium) before filling size 3
hydroxypropyl methylcellulose Quali-V®-1 capsules (Qualicaps, Madrid, Spain). 14 mg of powder
(Respitose-diluted liposomes), containing 200 pg of ovalbumin, were used per capsule.

3.4.2 Particle size distribution by laser diffraction

The effect of the dilution with Respitose on the dry powders was assessed with the Spraytec®
(Malvern Instruments, United Kingdom), which exploits laser diffraction to determine the size
distribution of the dry powder particles generated by the Aerolizer® after actuation. Studies were
performed in triplicate, coupling the Spraytec® with the inhalation cell and the US Pharmacopeia
induction port. Being the Aerolizer® a low-resistance device, with the aim of complying with the
Pharmacopeia requirements for pulmonary testing, the flow rate was set to 100 L/min and the
duration of experiment was set to 2.4 seconds (Ph.Eur.10, 2.9.18 Preparation for inhalation). Size
distributions of freeze-dried liposomes diluted 1:10 (w/v) with Respitose (Respitose-diluted
liposomes), as well as freeze-dried undiluted liposomes and Respitose alone, were determined and
compared. 1 capsule per formulation was discharged (1 actuation) by the Aerolizer® for each
Spraytec® determination. The experiments were performed in triplicate (3 determinations per
formulation). To quantify the width of particle-size distribution, the span was calculated as follows:

D90 - D10

span =
Dso
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3.4.2. In vitro aerodynamic performance

In the third study, the aerodynamic performances of the freeze-dried ovalbumin-encapsulated
liposomes were assessed using the Next Generation Impactor (Copley Scientific, Nottingham, United
Kingdom) equipped with the adult Alberta Idealised Throat and the mixed inlet, and further connected
to the BRS 3000 breath simulator (Copley Scientific, Nottingham, United Kingdom). The healthy,
asthmatic and chronic obstructive pulmonary disease patient profiles were were created according
to the equations developed by Delvadia and co-workers and literature data and studied [85,86]. The
pre-separator was kept between the mixed inlet and the Next Generation Impactor due to the nature
of the samples. The Alberta Idealised Throat and plates were coated with a mixture of isopropanol and
propylene glycol (50% v/v) and allowed to dry before the experiments [87]. 5 capsules were
discharged (5 actuations) by the Aerolizer® for each assessment. Appropriate volumes of a sodium
dodecyl sulfate solution (2% w/v) were applied in each stage to release the antigen from the vesicles
and the bicinchoninic acid protein assay kit was used for quantification by measuring the absorbance
according to section 2.1.5. The experiments were performed in triplicate (15 capsules in total for each
diluted formulation).

CITDAS V3.10 software (Copley Scientific, United Kingdom) was used to determine mass median
aerodynamic diameter, geometric standard deviation, fine particle dose, extrafine particle dose and
delivered dose. Mass median aerodynamic diameter is the average size of the particles under a flow
(aerodynamic diameter) that actually reaches the stages of the impactor [88]. The geometric standard
deviation is a dimensionless number that express the width of homogeneity in size distribution, and
its value can be 1 only when particles have exactly the same mass median aerodynamic diameter
[89]. Fine particle dose is the mass of the drug particles with an aerodynamic diameter < 5.0 pm (thus
reaching the lungs) whereas extrafine particle dose is the mass of the particles with an aerodynamic
diameter < 2.0 pm (thus reaching the deep lungs) [90]. The delivered dose, also known as emitted
dose, corresponds to the mass of drug emitted per actuation that is actually available to the user at
the mouthpiece. In addition, delivered fraction, fine particle fraction and extrafine particle fraction
were calculated as a function of the total dose metered:

Delivered dose
Total dose
Fine particle dose

Delivered fraction (%) = 100

Fine particle fraction (%) = Delivered dose

Extrafine particle dose
-100

trafi ticle fracti %) =
extrafineparticle fraction (%) Delivered dose

3.5 Biological evaluation

3.5.1 Biocompatibility assay

In the first study, fibroblasts (L929 cells) were grown in monolayers under standard conditions (37 °C,
humidified, 5% CO,), using Dulbecco’s Modified Eagle Medium (DMEM) supplemented with foetal
bovine serum (10% v/v), penicillin (100 U/mL), and streptomycin (100 pg/mL). Biocompatibility assay
was carried out according to the in vitro methods for cytotoxicity assessmentincluded in ISO 10993-
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5 (https://nhiso.com/wp-content/uploads/2018/05/1SO-10993-5-2009.pdf). Briefly, fibroblasts
L929 cells were seeded at a density of 1 x 10° cells/mL in 96-well plates (100 pl/well) and incubated
under standard conditions for 24 hours. The complete medium was then replaced with medium-
diluted formulations (glycerol-transfersomes, hyaluronan-transfersomes and glycerohyaluronan-
transfersomes) or ovalbumin solution at different ovalbumin concentrations (0.05, 0.5, 50, and 500
pg/mL). After an additional incubation period (24 hours), the supernatant was removed, 100 pL of 3-
(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium (MTT, 0.5 mg/mL) were added and the formazan
formation, dissolved in DMSO, was determined for each concentration tested and compared to that
determined in culture controls. The absorbance was read at 570 nm with a microplate reader (Lambda
25, Perkin Elmer, Milan, Italy).

In the third study, alveolar macrophages (RAW 264.7 cells) were seeded at a density of 1 x 105
cells/mL in 96-well plates (100 pl/well) and incubated under standard conditions for 24 hours. After,
the complete medium was withdrawn and cells were incubated for 24 hours with ovalbumin in
solution or encapsulated in liposomes, properly diluted with medium to reach 300, 60, 12, 2.4 and
0.48 pg/mL of ovalbumin (final concentration). Medium alone was used as positive control. Cell
viability was evaluated by adding cell Counting Kit - 8 to each well and reading the absorbance at 450
nm by using a microplate reader (Thermo Fisher Scientific) after 4 hours of incubation, according to
manufacturer instructions.

3.5.2 Culturing of bone marrow-derived dendritic cells and B3Z OT-l hybridoma cell line

In the first study, bone marrow derived dendritic cells were obtained from precursors isolated from the
tibiae of euthanized eight-week-old, female, C57BL/6 mice (Charles River, Lecco, Italy) that had been
housed in pathogen-free conditions, in accordance with institutional guidelines. Tibiae were deprived
of their extremities and the contained marrow was washed with ice-cold RPMI 1640 medium. Cells
were resuspended by pipetting, washed twice with medium, seeded and cultured with recombinant
murine granulocyte/macrophage colony-stimulating factor (200 U/mL) in RPMI 1640 medium
supplemented with 10% foetal calf serum, 60 pg/mL penicillin, 100 pg/mL streptomycin, 1 mM
sodium pyruvate and 50 uM 2-mercaptoethanol. After 8 days, immature dendritic cells were collected
and used in the antigen presentation assay.

In the first study, B3Z cells (OT-I hybridoma line) were used as they specifically recognize the
ovalbumin octapeptide (257-264) SIINFEKL exposed on the major histocompatibility complex | (MHC
I) of the surface of dendritic cells allowing the production of interleukin-2 in response. These cells
were grown in complete RPMI 1640 medium (10% foetal calf serum, 100 U/mL penicillin, 100 pg/mL
streptomycin, 1% glutamine, 1% N-ethylmaleimide, 1% sodium pyruvate and 50 pM 2-
mercaptoethanol) and co-cultured with bone marrow derived dendritic cells for the antigen
presentation assay.

3.5.3. Antigen presentation assay and detection of interleukin-2

In the first and second study, bone marrow derived dendritic cells (1x10%/mL) were incubated
overnight with different concentrations of ovalbumin in solution or loaded in liposomes (1-5 pg/mL). A
blank control was made incubating cells with only medium. Subsequently, the bone marrow derived
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dendritic cells were co-cultured with B3Z cells (OT-I hybridoma line, 5x10%/well) for 40 hours and the
amount of interleukin-2 released into supernatants was assessed as a measure of uptake and
processing of ovalbumin (ovalbumin-peptide 257-264). From each well, 100 pL of supernatant were
analysed in duplicate using mouse IL-2 ELISA MAX Standard kit in two independent experiments,
according to the manufacturer’s instructions.

3.5.4 Human monocyte isolation and culturing of monocyte-derived macrophages

In the first study, discarded buffy coats of healthy blood donors were used, upon informed consent, to
obtain monocytes. Briefly, Ficoll-Paque gradient density separation was adopted to separate human
peripheral blood mononuclear cells while magnetic microbeads allowed for isolation of monocytes
by CD14 positive selection. Only > 95% viable and pure monocytes (determined by trypan blue
exclusion and cytosmears) were used in the experiments. Monocytes were grown in RPMI 1640 +
Glutamax-I medium supplemented with 50 pyg/mL of gentamicin sulphate, 5% of heat-inactivated
human AB serum and 10 ng/mL of M-CSF. Differentiation in macrophages was achieved incubating
cells at 37 °C in 5 % CO; for 7 days and replacing the medium every 3 days.

3.5.5 Biocorona formation on trasfersome surface

Before the antigen presentation assay, vesicles were admixed 1:1 (v/v) with heat-inactivated serum
and incubated for 1 hour at 37 °C in an orbital shaker at 300 g to allow the formation of the serum
protein biocorona on vesicles’ surface and ensure their stability in culture. The serum pre-coated
transfersomal vesicles were added directly to the culture plates adjusting their concentration to the
desired values for each treatment.

3.5.6 Stimulation of monocyte-derived macrophages and detection of tumor necrosis
factor-a

In the first and second study, monocyte-derived macrophages were exposed for 24 h to culture
medium alone (negative control), medium containing 5 ng/mL of lipopolysaccharide from E. coli
055:B5 (positive control), medium containing ovalbumin or medium containing pre-coated vesicles
diluted up to 200 ng/mL, 1 pg/mL, 5 pg/mL of ovalbumin. After exposure all supernatants were
collected, centrifuged and frozen at —80 °C for subsequent cytokine analysis. Production of tumor
necrosis factor-a was measured in the culture supernatants by ELISA using a MultiScan FC reader
(ThermoScientific) according to the manufacturers’ protocol. Results are reported as mean + standard
deviation of values from 2 replicate samples from the same donor.

3.5.7 Stimulation of alveolar macrophages and detection of tumor necrosis factor-a and
interleukin-6
In the third study, RAW 264.7 cells were seeded at a density of 5 x 105 cells/well in 24-well plates,
incubated for 24 hours with ovalbumin in solution or encapsulated in liposomes (5 and 1 pg/mL,
ovalbumin final concentration), medium alone (negative control) or lipopolysaccharide (positive
control, 5 ng/mL). Cell culture supernatants were collected, and the enzyme linked immunosorbent
assays (ELISA) and MultiScan FC reader (ThermoScientific) were used to evaluate the expression
levels of cytokines tumor necrosis factor-a and interleukin-6 according to the manufacturer’s
protocols.
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3.5.8 Cellular uptake by flow cytometry

In the third study, RAW 264.7 cells were seeded at a density of 1 x 10° cells/mL in 24-well plates and
incubated at 37 °C and 5% CO, for 24 hours. The medium was then replaced with labelled ovalbumin
in solution or encapsulated in the vesicles properly diluted to reach 60 pg/mL of ovalbumin (final
concentration). Medium alone was used as control. After 0.5, 1, 2, 4, 8 or 24 hours of incubation, the
medium was removed, the cells were detached with Accutase® the plates were centrifuged (5
minutes, 350 rfc) and the supernants were discarded. Cell pellets were resuspended in running buffer
(200 pL) prior the analysis of live, single-stained cells with MACSQuant® Analyzer 10 Flow Cytometer
(Miltenyi Biotec, Bergisch Gladbach, Germany). The obtained data were analysed with FlowJo V10
software (TreeStar, Ashland, USA).

3.5.9 Cellular uptake by flow cytometry

In the third study, RAW 264.7 cells were seeded at a density of 1 x 10* cells/well in a chamber slide
system (Nunc™ Lab-Tek™ Chambered Coverglass) and incubated at 37 °C and 5% CO, for 24 hours.
The medium was then replaced with labelled ovalbuminin solution or encapsulated in the vesicles
properly diluted to reach 60 pg/mL of ovalbumin (final concentration). Medium alone was used as
control. At specific time points (0.5, 24 and 48 hours), the samples and controls were removed, the
wells were rinsed off three times with PBS and the cells were stained and subsequently incubated at
37 °C for 30 minutes. CellTrackerTM red was used to stain the cell membrane and NucBlue™ Live the
nucleus. Live cells were observed with the Nikon Eclipse Ti2-E fluorescence imaging system after
three additional washings with PBS to evaluate labelled ovalbumin internalization. Nikon’s advanced
Artificial Intelligence (Al) and software were used to make real-time analysis and optimize the
measurements.

3.6 Statistical analysis

Results are expressed as the means + standard deviations. Multiple comparisons of means (ANOVA)
were used to substantiate statistical differences between groups, while Student’s t-test was used to
compare two samples. Significance was tested at the 0.05 level of probability (p). Data analysis was
carried out with the software package XLStatistic for Excel.
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4. Results

4.1. Enriched transfersomes for the cutaneous delivery of ovalbumin

4.1.1 Enriched transfersome characterisation

Mean diameter, polydispersity index, zeta potential and entrapment efficiency of ovalbumin-
encapsulated enriched transfersomes were measured (Table 3). All the vesicles were very small <60
nm and homogeneously dispersed, as the polydispersity index was = 0.2. Hyaluronan-transfersomes
had a slightly larger mean diameter (~57 nm) when compared with glycerol-transfersomes and
glycerohyaluronan-transfersomes, and these differences were confirmed by cryogenic electron
microscopy (Fig. 1). Along with size, morphology was affected by the composition of the hydrating
medium: glycerol, sodium hyaluronate or their combination. Specifically: glycerol-transfersomes
were small and had irregular and elongated shapes; hyaluronan-transfersomes were larger and more
spherical; glycerohyaluronan-transfersomes were smaller, completely spherical and uniformly sized.
Neither the zeta potential strongly negative (~-32 mV, p > 0.05 among the 3 values) nor the
encapsulation efficiencies (~63%, p > 0.05 among the 3 values) were significantly affected by the
hydrating phase.

Table 3. Mean diameter (MD), polydispersity index (Pl), zeta potential (ZP) and entrapment efficiency
(EE) of ovalbumin-encapsulated enriched transfersomes. Same symbols (* °, ", #) indicate values that
are not statistically different (p > 0.05). Mean values * standard deviations, obtained from at least 3
measurements, are reported.

MD (nm) PI ZP (mV) EE (%)
Glycerol-transfersomes 50+1* 0.21+0.01° -29+2" 65+7*
Hyaluronan- .
57+2 0.22+0.01° -34%9 616"
transfersomes
Gl hyal - .
yoerohyaturonan 49+3* 0.20%0.01° -30+6 645"
transfersomes
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Figure 1. Representative cryogenic transmission electron microscopy images of glycerol-
transfersomes (A), hyaluronan-transfersomes (B) and glycerohyaluronan-transfersomes (C).

Variations of mean diameter, polydispersity index and zeta potential were monitored overtime each 3
months for 9 months to evaluate the stability of the ovalbumin-encapsulated transfersomes once
stored at 4 °C and under vacuum. All the vesicle dispersions were stable for 9 months of study, with
no need of adding any preservative (Fig. 2). Comparing the mean diameters of fresh formulations with
their respective mean diameters after 1, 3, 6 and 9 months, no significant differences were detected
as glycerol-transfersomes, hyaluronan-transfersomes and glycerohyaluronan-transfersomes
retained their initial hydrodynamic diameter < 60 nm (p > 0.05 among the values of each sample).
Similarly, zeta potential did not undergo through significant variations overtime, remaining constant (~-
32 mV, p > 0.05 among the values of each sample).
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Figure 2. Stability overtime evaluated measuring mean diameter (upper panel, bars), polydispersity
index (upper panel, dots) and zeta potential (lower panel, bars) of glycerol-transfersomes (green),
hyaluronan-transfersomes (blue) and glycerohyaluronan-transfersomes (orange). Same symbols (4,
0,8,0,,%, 1 0,0, #, 2,1, +, %, @, & and £) indicate values that are not statistically different from
the values at initial time (light green, blue and orange) or among the different groups (cross-
comparison) at the same time point (violet). Mean values + standard deviations, obtained from at least

3 measurements, are reported.

Since the enriched transfersomes were intended to be loaded into hydrogel disks, their stability was
evaluated after freeze-thawing and freeze-driyng as they were both steps required to prepare the
hydrogel disks. Thus, after these processes, the mean diameter and polydispersity index of the
enriched transfersomes were measured again (Fig. 3). A significant increase of the size was found for
all the formulations since the first cycle of freeze-thaw, as the mean diameter of hyaluronan-
transfersomes changed from ~57 to ~92 nm (p << 0.05), and that of glycerohyaluronan-transfersomes
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from 49 to ~100 nm (p << 0.05). This increase in size was remarkably higher if compared with that of
glycerol-transfersomes, whose mean diameter increased only from ~50 to ~70 nm. Interestingly, the
second cycle did not further significantly affect the mean diameters suggesting that, after a possible
initial rearrangement of the double bilayer, all these vesicles are unaffected by subsequent freeze-
thaw cycles. After freeze-drying mean diameter changed again, especially that of glycerol-
transfersomes (from ~70 to ~370 nm) while glycerohyaluronan-transfersomes underwent the less
variation (from ~98 to ~192 nm). The polydispersity index of glycerol-transfersomes and
glycerohyaluronan-transfersomes changed drastically from initial values ~0.20 to final values ~0.38
whereas that of hyaluronan-transfersomes remained unchanged (~0.23) indicating that the new
arranged vesicles were homogeneously dispersed.

On the whole, freeze-thawing and freeze-drying strongly affected the physico-chemical properties of
all the enriched transfersomes. As a consequence, hydrogels disks were imbibed with the enriched
tranfersomes only after the preparation by freeze-thawing and freeze-drying.
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Figure 3. Mean diameter and polydispersity index of glycerol-transfersomes (green), hyaluronan-
transfersomes (blue) and glycerohyaluronan-transfersomes (orange) after the freeze-thawing (2
cycles) and freeze-drying processes. Mean values along with the standard deviations are reported for
each formulation obtained from at least 3 measurements.

4.1.2 Imbibed hydrogel disks characterization

Since the preparation steps of the hydrogels (freeze-thaw and freeze-dry) had a strong negative impact

on the physico-chemical properties of the enriched transfersomes (Fig. 3), empty freeze-dried

hydrogels disks were firstly prepared and after imbibed with formulations. To find the imbibition time,

their ability to capture water was evaluated and the swelling ratio at different time points (0.5, 1, 2, 3,
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4, 6 and 8 hours) were calculated (table 4). The time needed to reach the equilibrium was found
allowing to select the minimum incubation time needed to completely imbibe the hydrogel disks
(minimum imbibition time). After submerging the freeze-dried hydrogel disks in water for 0.5 hours,
their swelling ratio hugely increased up to ~391% compared to the initial value (Table 4). Subsequent
increases were detected at 1, 2 and 3 hours. From 3 hours onwards, there were no statistical
differences among the swelling ratios (2418%, p > 0.05 between the values at 3, 4, 6 and 8 hours). As
a consequence, 3 hours was identified as the minimum imbibition time to completely imbibe the
hydrogel disks with ovalbumin solution or ovalbumin-encapsulated enriched transfersomes in the
next studies.

Table 4. Swelling ratio (%) and minimum imbibition time of empty hydrogel disks left swelling in water
at different time points (0.5, 1, 2, 3, 4, 6 and 8 hours). Same symbols (°, ©) indicate values that are not
statistically different (p > 0.05). Mean values * standard deviations, obtained from at least 3
measurements, are reported.

Time (h) 0.5 1 2 3* 4 6 8

Swellingratio 3912  405%2° 403x2° 420%4” 418=x2" 417%2° 421=x4"
(%)

*Attainment of the equilibrium of swelling
and the minimum imbibition time

To confirm the effectiveness of the minimum imbibition time, empty freeze-dried hydrogels were
allowed to imbibe with FITC-ovalbumin in solution or encapsulated in transfersomes for 3 or 12 hours.
The amount of ovalbumin was quantified (Table 5). No statistical differences were found in the
ovalbumin content among the hydrogel disks with respect to the time points (3 or 12 hours) or the
formulations  tested  (solution,  glycerol-transfersomes, hyaluronan-transfersomes  or
glycerohyaluronan-transfersomes), as it was always ~22% (p > 0.05 among the different values,
correspondent to ~330 pg of ovalbumin per disk). Thus, according to the swelling study, 3 hours were
enough to achieve the complete imbibition of the hydrogel disks also with the labelled ovalbumin in
solution or encapsulated in the enriched transfersomes.

Table 5. Ovalbumin content (%) of imbibed hydrogel disks after 3 and 12 hours of swelling in presence
of ovalbumin in solution or encapsulated in enriched transfersomes. Same symbols (°) indicate values
that are not statistically different (p > 0.05). Mean values * standard deviations, obtained from at least
3 measurements, are reported.

Ovalbumin content in imbibed hydrogel disks (%)

3h 12h
Solution 18 £2° 19£2°
Glycerol-transfersomes 20 = 2° 21+2°
Hyaluronan-transfersomes 21+ 3° 24 + 4°
Glycerohyaluronan-transfersomes 24 £ 4° 22 £ 2°
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4.1.3 In vitro penetration studies

The capability of labelled ovalbumin (500 pg) in solution or encapsulated in enriched transfersomes
to penetrate in the tape-stripped skin was evaluated in vitro using vertical Franz cells and calculating
the amount of antigen accumulated in the epidermis and dermis at 4 and 8 hours after non-occlusive
or occlusive (cling film) application (Fig. 4).

After the non-occlusive application of the solution, ovalbumin accumulation was ~6 pg/cm? in the
epidermis (p > 0.05 between the values at 4 and 8 hours), and sensibly lower, ~0.5 pg/cm? in the
dermis (p > 0.05 between values at 4 and 8 hours). After application of glycerol-transfersomes in the
same condition, the deposition was comparable, especially at 4 hours. Using hyaluronan-
transfersomes and glycerohyaluronan-transfersomes, it was instead higher, ® 10 pg/cm? in the
epidermis (p > 0.05 among the values at 4 and 8 hours using the 2 formulations), and = 1 pg/cm?in the
dermis (p > 0.05 among the values at 4 and 8 hours using the 2 formulations), thus indicating that the
accumulation of ovalbumin in these skin layers was not influenced by time but only by the used
formulation.

By contrast, when ovalbumin formulations were applied under occlusive conditions (cling film), the
accumulation was time and formulation dependent. In the epidermidis, the lowest accumulation, =7
pg/cm? (p > 0.05 between the values at 4 and 8 hours), was achieved by the solution. Higher
accumulations were achieved by tranfersomes, with the highest value, 22 pug/cm? (p > 0.05 versus
the values obtained solution and glycerol-transfersomes) provided by hyaluronan-transfersomes at 8
hours and glycerohyaluronan-transfersomes at 4 and 8 hours. In the dermis, the benefits associated
with the occlusive application were significantly visible at 4 and 8 hours for all the formulations with
respect to the non-occlusive application. Therefore, the occlusive approach significantly enhanced
the antigen delivery in this deeper skin layer as the ovalbumin accumulated at 8 hours was ~2 pug/cm?
using the solution, ~3 pg/cm? using glycerol-transfersomes, ~5 pg/cm? using hyaluronan-
transfersomes and ~7 pg/cm? using glycerohyaluronan-transfersomes.
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Figure 4. Amount of ovalbumin (ug/cm?) accumulated in epidermis (left) and dermis (right) after
application of FITC-ovalbumin, in solution or encapsulated in enriched transfersomes, with cling film
(red) or not (grey) at 4 (light colours) and 8 hours (dark colours). Same symbols (a, B, V, X, 0, €, 4, n, 6,
1) indicate values that are not statistically different (p > 0.05). Mean values + standard deviations,
obtained from at least 3 measurements, are reported.

Considering the promise of the occlusive condition (cling film), the labelled ovalbumin (~330 pg) in
solution or encapsulated in enriched trasfersomes was loaded into polyvinyl alcohol hydrogel disks
(imbibed hydrogel disks) to enable a comparison with the occlusive condition after application of the
disks for 4 and 8 hours on tape-stripped skin (Fig. 5). With respect to the occlusive conditions (cling
film), the antigen deposition was greatly improved, at 8 hours, by using the imbibed disks likely due to
the better adhesion they provide to the skin. The accumulation achieved by the FITC-ovalbumin
solution imbibed disks was ~9 pg/cm? (p < 0.05 versus values obtained using the ovalbumin solution
with cling film) at 4 hours and it doubled (~18 pg/cm?) at 8 hours, confirming the ability of the hydrogel
disks to improve the payload delivery. Combining the hydrogel disks and enriched transfersomes, the
antigen deposition was even further improved. In particular, transfersome-imbibed disks ensured the
highest ovalbumin accumulation at 8 hours in the epidermis, ® 35 pyg/cm? (p > 0.05 among the values
obtained at 8 hours using the three transfersome-imbibed disks and p < 0.05 versus values obtained
at 4 and 8 hours applying the solution-imbibed disks). At 4 hours instead, the highest deposition was
achieved only using glycerohyaluronan-transfersome imbibed disk, and it was = 23 pg/cm? (p > 0.05
between the values obtained under occlusive condition and p < 0.05 versus the values obtained at 4
hours applying the disks imbibed with glycerol-transfersomes and hyaluronan-transfersomes). In the
dermis, the highest deposition at 8 hours, = 10 pg/cm?, was found when using disks imbibed with
hyaluronan-transfersomes and glycerohyaluronan-transfersomes (p > 0.05 between the 2 values and
p < 0.05 versus all the other values). By contrast, disks imbibed with either glycerol-transfersomes or
ovalbumin solution led to a lower deposition, = 5 pug/cm? (p < 0.05 between the 2 values), and were
therefore less effective than hyaluronan-transfersomes and glycerohyaluronan-transfersomes.

4 h, occlusive condition W8 h, occlusive condition 4 h, hydrogel 18 h, hydrogel

Epidermis Dermis
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Figure 5. Amount of ovalbumin (ug/cm?) accumulated in epidermis (left) and dermis (right) after
application of FITC-ovalbumin, in solution or encapsulated in enriched transfersomes, with cling film
(red) or hydrogel disks (yellow) at 4 (light colours) and 8 hours (dark colours). Same symbols (a, B, v,
0, T, n, 6, I, ®) indicate values that are not statistically different (p > 0.05). Mean values * standard
deviations, obtained from at least 3 measurements, are reported.

4.1.4 Biological evaluation

The biocompatibility of ovalbumin in solution or encapsulated in enriched transfersomes was tested
on the L929 fibroblast cell line (Fig. 6). After 24 hours of incubation, the cell viability of all the samples
was > 60% and < 90% only using the highest concentration (500 pg/mL of ovalbumin in solution or
encapsulated in transfersomes). Using ovalbumin concentrations < 50 pg/mL the viability was > 90%
and increased in a composition dependant manner (glycerohyaluronan-transfersomes > hyaluronan-
transfersomes > glycerol-transfersomes > solution), denoting in any case the low toxicity of ovalbumin
itself and the beneficial effect provided by its encapsulation into enriched transfersomes.
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Figure 6. Cell viability of L929 fibroblasts incubated for 24 hours with ovalbumin solution (red),
glycerol-transfersomes (green), hyaluronan-transfersomes (blue) and glycerohyaluronan-
transfersomes (yellow) diluted with medium to reach 0.05, 0.5, 5, 50 and 500 pg/mL of ovalbumin.
Mean values * standard deviations, obtained from at least 3 measurements, are reported.

The ability of ovalbumin (5 or 1 pg/mL), in solution or encapsulated in enriched transfersomes, to
stimulate antigen-presenting cells was evaluated measuring, after incubation, the production of
interleukin-2 by B3Z cells co-incubated with dendritic cells and the expression of tumor necrosis
factor-a by monocyte-derived macrophages (Fig. 7). The interleukin-2 produced by dendritic cells
incubated with medium (negative control) was ~10 pg/mL, irrespective to the dose used, indicating
the basal production from these cells. When the cells were incubated with ovalbumin (5 or 1 pg/mL),
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in solution or encapsulated in enriched transfersomes, the value slightly increased up to ~14 pg/mL
(p > 0.05 versus the control), indicating a minimum but not significant stimulating effect irrespective
to the used formulation. Similarly, while the treatment of macrophages with lipopolysaccharide
(positive control), a strong pro-inflammatory agent, stimulated the expression of high amount of tumor
necrosis factor-a (~4000 pg/mL), the treatment with ovalbumin in solution or encapsulated in
enriched transfersomes did not stimulate its production as the measured values were ~50 pg/mL and
thus comparable to those found incubating the cells only with medium (p > 0.05 among the values
obtained with all ovalbumin formulations and negative control, p < 0.05 versus positive control). On
the whole, despite the good skin penetration performance and high compatibility of the enriched
vesicles, no ability to stimulate skin-resident antigen-presenting cells was detected. However, no
differences were revealed for either ovalbumin free or encapsulated, so that transfersomes displayed
no adjuvanticity.
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Figure 7. Production of interleukin-2 by B3Z cells co-cultured with dendritic cells (A) and tumor
necrosis factor-a by macrophages (B) after incubation with ovalbumin (5 and 1 pug/mL) in solution (red)
or encapsulated in glycerol-transfersomes (green), hyaluronan-transfersomes (blue) and
glycerohyaluronan-transfersomes (orange). Medium alone was used as negative control while
lipopolysaccharide was used a positive control during the tumor necrosis factor-a detection. Mean
values + standard deviations are reported. Results are representative of two independent
experiments.
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4.2 Anionic and cationic liposomes for the nasal administration of
ovalbumin

4.2.1 Anionic and cationic liposome characterisation

The actual formation of liposomes, along with their morphology and lamellarity, was confirmed by
cryogenic transmission electron microscopy (Fig. 8). Anionic liposomes were overall smaller than
cationic DOTAP-liposomes, slightly irregular shaped and mostly unilamellar. By contrast, cationic
DOTAP-liposomes had an overall more regular and spherical shape and a uni or oligolamellar
structure.

——— 100 nm

Figure 8. Representative images of anionic liposomes (A) and cationic DOTAP-liposomes (B).

The mean diameter, polydispersity index, zeta potential and entrapment efficiency of the vesicles
were assessed (Table 6). The anionic liposomes were smaller and more homogeneously dispersed
than the cationic DOTAP-liposomes, thus corroborating the observations made through cryogenic
transmission electron microscopy. The addition of 1,2-dioleoyl-3-trimethylammonium-propane
strongly affected the shape and surface charge of the vesicles, as the cationic DOTAP-liposomes had
a zeta potential around +50 mV compared to the -8 mV zeta potential of the anionic liposomes
prepared without it. Despite both the anionic and cationic DOTAP-liposomes were able to encapsulate
high amounts of antigen (> 80%), the cationic DOTAP-liposomes led to higher encapsulation, thus
suggesting an important role of the 1,2-dioleoyl-3-trimethylammonium-propane not only in the
superficial charge but also in the vesicle assembling and antigen loading.
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Table 6. Mean diameter, polydispersity index, zeta potential and encapsulation efficiency of
ovalbumin loaded liposomes. Mean values = standard deviations, obtained from at least 3
measurements, are reported.

MD (nm) Pl ZP (mV) EE (%)
Liposomes 108+1 0.22+0.01 -8+1 831
DOTAP-liposomes 127+2 0.25%0.01 +53+2 99+1

The long-term stability of the vesicle dispersions was evaluated considering all the physico-chemical
variations involving mean diameter, polydispersity index and zeta potential during a period of 3 months
(Table 7). While the mean diameter and the polydispersity index of the anionic liposomes were
basically unaffected over time, a slight increase in these parameters was observed for the cationic
DOTAP-liposomes. This increase could be related to a rearrangement of vesicles, as confirmed by the
slight decrease in zeta potential. After 6 months, it was not possible to measure these parameters
again by virtue of the precipitation phenomena that underwent in the two dispersions.

Table 7. Mean diameter, polydispersity index and zeta potential of ovalbumin-encapsulated
liposomes after 30 and 90 days. Mean values * standard deviations, obtained from at least 3
measurements, are reported.

MD (nm) PI ZP (mV)

Days t0 30 20 t0 30 20 t0 30 20

Liposomes 108+1 106+1 108+3 0.22+0.01 0.23#0.01 0.21+0.02 -8+1 -13%1 -12+2

DOTAP-

. 127+2 1382 140+8 0.25+0.01 0.26%+0.01 0.27+0.01 +53%*2 +50+2 +46+6
liposomes

The mucoadhesiveness of liposomes was evaluated diluting the dispersions with a mucin solution
(0.5 mg/mL) and measuring the resulting zeta potential and the amount of mucin adsorbed on their
surface (Fig. 9). The zeta potential of anionic liposomes did not undergo significant changes and
became only slightly less negative. On the contrary, the zeta potential of cationic DOTAP-liposomes
underwent a substantial change, from a strong positive value to a significant negative value. Looking
at these changes of zeta potential, it can be concluded that greater interactions between mucus and
vesicles occurred especially with cationic DOTAP-liposomes rather than anionic liposomes. The
intensity of such interactions was evaluated measuring the amount of mucin adsorbed on vesicle
surface after incubation with the same mucin solution (0.5 mg/mL) for 20 minutes at 37 °C (Fig. 10).
The cationic DOTAP-liposomes adsorbed an 11-fold higher amount of mucin than the anionic
liposomes, reaching a mucin adsorption, ~88%, compared to ~8% of anionic liposomes.
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Figure 9. Zeta potential of anionic liposomes (in blue) and cationic DOTAP-liposomes (in red), before
(highlighted in blue) and after (highlighted in green) being mixed with a mucin solution (0.5 mg/mL) and

incubated for 20 minutes at 37 °C. Mean values % standard deviations, obtained from at least 3
measurements, are reported.
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Figure 10. Percentage of mucin adsorbed on the surface of anionic liposomes (in blue) and cationic
DOTAP-liposomes (in red), after their incubation with a mucin solution (0.5 mg/mL) for 20 minutes at
37 °C. Mean values * standard deviations, obtained from at least 3 measurements, are reported.
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4.2.2 Nasal spray characterisation

The adequacy of these formulations to be sprayed, and therefore used as nasal spray vaccines, was
evaluated measuring the size of the droplets generated by the chosen device. To meet the
requirements of European Medicines Agency and Food and Drug Administration, the nozzle tip of the
device was positioned at 4 and 7 cm from the laser beam. The cumulative volumes of undersized
droplets, expressed as D10, D50 and D90, were calculated along with the width of their size
distribution, expressed as Span (Fig. 11). Overall, the narrow Span values (< 1.5) indicated a high
homogeneity of size distribution among the generated droplets. When sprayed at 4 cm from the laser
beam, the behaviour of both the anionic and cationic DOTAP-liposome dispersions was similar. The
D90 and the D10 were ~90 mm and ~22 mm, respectively, indicating that the 90% and the 10% of the
generated droplets had a physical diameter < 90 mm and < 22 mm. Instead, when the dispersions
were sprayed at 7 cm from the laser beam, the D90 decreased to ~78 mm while the D10 increased to
~30 mm. The D50 was the only value unaffected by the laser beam distance or the dispersion used,
remaining constant at ~50 mm. However, regardless of the tested distance or formulation, the
generated droplets were always larger than 10 mm and therefore suitable to be deposited in the nasal
cavity [123].
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Figure 11. Droplet size analysis of liposomes (in blue) and DOTAP-liposomes (in red) sprayed at 4 cm
(left bars) and 7 cm (right bars) from the laser beam. The cumulative volumes of undersized droplets
(D10, D50 and D90) and the width of their size distribution (Span) are reported as mean values *
standard deviations of at least three measurements.

The specific regional deposition of both anionic liposomes and cationic DOTAP-liposomes was then
assessed using a realistic nasal replica, the Alberta Idealized Nasal Inlet, which possesses a four-
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region resolution (vestibule, olfactory region, turbinates and nasopharynx) to allow the recovery of the
sample, connected to the Next Generation impactor, which simulates the lungs (Fig. 12)
(https://www.copleyscientific.com/inhaler-testing/realistic-throat-and-nasal-models/alberta-
idealised-nasal-inlet-aini/). To facilitate the quantification, liposome dispersions were fluorescently
labelled with fluorescein isothiocyanate-dextran. The total recovery of labelled vesicles was ~95%,
irrespective of the formulation. The deposition of anionic liposomes and cationic DOTAP-liposomes
in the vestibule was ~45%, with no statistical differences between the values obtained with the two
formulations (p > 0.05). Similarly, no statistical differences (p > 0.05) were detected in the olfactory
region (values < 0.5%) or the lungs (0%). By contrast, in the turbinates, the deposition provided by
cationic DOTAP-liposomes (~52%) was significantly higher than the one provided by anionic
liposomes (~43%). In the nasopharynx instead, the deposition of anionic liposomes was slightly
higher (~3%) than that of cationic DOTAP-liposomes (~0.8%). It is likely that the negative surface
charge of anionic liposomes facilitates the deposition in the deeper stages because their negative
charge is the same of mucin and generates repulsive forces. The quantitative recovery was confirmed
qualitatively after mixing the anionic liposomes with blue patent dye and the cationic DOTAP-
liposomes with red ponceau dye, as showed by the pictures at both sides of Fig. 12.
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Figure 12. Fluorescein isothiocyanate-dextran recovered in the deposition regions of the Alberta
Idealised Nasal Inlet (vestibule, olfactory region, turbinates and nasopharynx) and the Next
Generation Impactor (lungs) after nebulisation of labelled anionic liposomes (in blue) and cationic
DOTAP-liposomes (in red). Mean values * standard deviations, obtained from at least 3
measurements, are reported. The same symbol (A, @, *) indicates values not statistically different (p
>0.05).

4.3.3 Biological evaluation

The efficacy of anionic liposomes and cationic DOTAP-liposomes as antigen delivery carriers was
evaluated by measuring the interleukin-2 produced in a co-culture of dendritic cells exposed to
liposome dispersions or culture medium (negative control) and B3Z cells (Fig. 13). A significant
production of interleukin-2 was detected when the ovalbumin was delivered in anionic liposomes and
cationic DOTAP-liposomes in comparison to the unencapsulated protein (ovalbumin solution, p >
0.05). Cationic DOTAP-liposomes led to higher production of interleukin-2 than anionic liposomes

when used at the highest dose (p > 0.05). By contrast, no significative differences (p > 0.05) were
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detected for the anionic liposomes with regard to the dose tested (5 or 1 pg/mL). Nonetheless, both
formulations mediated significant antigen uptake, processing and presentation as they induced
interleukin-2 production at levels significantly higher than those provided by the ovalbumin solution (p
>0.05).
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Figure 13. Interleukin-2 measured in the medium of dendritic cells pre-exposed to culture medium
(negative control) or ovalbumin (5 and 1 pg/mL), in solution or encapsulated in anionic or cationic
DOTAP-liposomes and co-cultured with B3Z cells. Mean values + standard deviations, calculated
from experimental replicates, are reported. Results are representative of two independent
experiments. The same symbol (A, @, *) indicates values not statistically different (p > 0.05).

The innate immune primary response was evaluated after exposing human monocyte-derived
macrophages for 24 h to ovalbumin in solution or encapsulated in anionic liposomes or cationic
DOTAP-liposomes. Three different concentrations of ovalbumin were tested: 5 pg/mL (Fig. 14), 1
pg/mL and 200 ng/mL (data not shown). Macrophages exposed only to culture medium were used as
negative control whereas macrophages exposed to lipopolysaccharide, a prototypical inflammatory
stimulus, were used a positive control. Macrophage activation was evaluated measuring the
production of the inflammatory cytokine tumor necrosis factor-a. Comparably to the ovalbumin
solution, the ovalbumin-encapsulated vesicles did not induce a measurable reactivity in human
macrophages, being unable to promote tumor necrosis factor-a production at any tested dose (p <
0.05).
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Figure 14. Tumor necrosis factor-a produced by human monocyte-derived macrophages upon
exposure to culture medium (in grey, negative control), ovalbumin (5 pg/mL) in solution (in yellow) or
encapsulated in anionic liposomes (in blue) and DOTAP-liposomes (in red) or 5 ng/mL of
lipopolysaccharide (in green, positive control). Mean of two replicate experiments = standard
deviations are reported. The same symbol (*) indicates values not statistically different (p > 0.05).
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4.3 Freeze-dried anionic liposomes for the pulmonary administration of
ovalbumin

4.3.1 Anionic liposome characterisation

Since transforming vesicles in solid state was of primary importance for improving their stability and
allowing their delivery to the lungs, the re-dispersibility index, an index of freeze-drying effectiveness,
was calculated and used to enable a fast preliminary screening of the formulations (Fig. 15).
Formulations having a re-dispersibility index < 1.3 are recognised to be effectively freeze-dried and
can be easily and rapidly rehydrated [149,150]. Therefore, among the prepared formulations, the ones
freeze-dried using the lowest amount of cryoprotectant (15 mg of trehalose or Respitose or inulin) or
without it, were discarded as their re-dispersibility indexes were ~4 irrespective of the cryoprotectant
or lipid used. By contrast, adding the medium and high amounts (30 and 45 mg) of trehalose and
Respitose, the re-dispersibility index was < 1.3. Using 30 mg of inulin the index was > 1.3, while using
the higher dose (45 mg) the index was < 1.3. A further selection was performed among the
formulations having a re-dispersibility index < 1.3, since, 45 mg of trehalose, Respitose and inulin
enabled a better reformation of SPC-3 and DPPC liposomes as their index was 1.1. The same dose
(45 mg) of the three cryoprotectants was less effective in facilitating the reformation of P9OH and
DSPC liposomes as the re-dispersibility index was 1.2. Since the effectiveness of freeze-drying was
in this case affected by both the cryoprotectant and the lipid used, SPC-3 and DPPC liposomes were
selected over P9OH and DSPC liposomes. Additionally, being inulin more cost-effective than
trehalose, only SPC-3 and DPPC liposomes containing Respitose and inulin were further
characterized as these specific combinations of lipids and cryoprotectants led to the best re-
dispersibility index (1.1) and the best affinity to the pulmonary surfactant composition [151,152].
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Figure 15. Re-dispersibility index of ovalbumin-encapsulated P90H (in green), SPC-3 (in pink), DPPC
(in blue) and DSPC (in yellow) liposomes prepared with 0, 15, 30 or 45 mg of trehalose, Respitose and
inulin.

Mean diameter, polydispersity index, zeta potential and encapsulation efficiency of the selected
ovalbumin-encapsulated liposomes (Respitose and inulin SPC-3 and DPPC liposomes) were
assessed before and after freeze-drying and rehydration to evaluate the effects of the process on
these parameters (Table 8).

Before freeze-drying, all the liposomes manufactured by direct sonication were small (< 100 nm) and
monodisperse (Pl = 0.2) (Table 8, before freeze-drying). Mean diameter and polydispersity index
were not affected by the phospholipid nor the cryoprotectant and the encapsulation efficiency of all
vesicles was always > 50%. Specifically, DPPC liposomes had significantly higher encapsulation
efficiency, ~63 when prepared with Respitose and ~78% with inulin. On the contrary, that of SPC-3
liposomes was ~56% irrespective of the cryoprotectant used.

After freeze-drying and rehydration (Table 8, after freeze-drying), the high concentration of
cryoprotectants selected (45 mg of either Respitose or inulin) led to the reforming of vesicles having
similar mean diameter and polydispersity index to the former ones, in accordance with the narrow
values of their re-dispersibility index (Fig. 16). Minor but not significant changes of zeta potential of
vesicles were observed before and after the rehydration. Similarly, no statistical differences of
encapsulation efficiencies were detected before and after the rehydration, thus highlighting an
effective protection exerted by the cryoprotectants during freeze-drying.

Table 8. Mean diameter (MD), polydispersity index (Pl), zeta potential (ZP) and encapsulation
efficiency (EE) of ovalbumin-encapsulated SPC-3 and DPPC liposomes prepared with 45 mg of
Respitose or inulin before freeze-drying (on the left) and after freeze-drying and rehydration (on the
right). Mean values * standard deviations (n=3) are reported. The same symbol (A, @, 0, @, O, &, #) is
used to indicate values not statistically different (p > 0.05).

Before freeze-drying After freeze-drying
MD PI ZP EE MD PDI ZP EE
(nm) (mV) (%) (nm) (mV) (%)
; A - l¢] A - ¢}
Respitose SPC-3 86+2*  0.19+0.01 15+1@ 54+7% 97+4% 0.23+0.01 14£1@ 534
. liposomes - -
Inulin 85+7% 0.22+0.04 13+1@ 56+1° 92x4% (0.25=0.01 15+1@ 59+4°
; # _9+1° +@™ +2# + - +2n
Respitose DPPC 786"  0.16+0.01 9+1 636" 84+3" 0.18%0.02 1130 62+3
li -
Inulin 'POSOMES  go+7%  0.2120.03 -9#2° 78+1® 93+1% 0.18+0.05 10e70 75%5°

The structure and size of the selected formulations having re-dispersibility index = 1.1 (Respitose and
inulin SPC-3 and DPPC liposomes) were observed by cryogenic transmission electron microscopy,
before and after freeze-drying and rehydration (Fig. 16). Before freeze-drying, all the vesicles had a
spherical, unilamellar morphology and small diameters, confirming that the selected cryoprotectants
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do not affect the shape nor the size of the vesicles. After rehydration, lamellarity and dimensions were
basically unchanged, but the morphology was slightly different as they had instead a polyhedral
(faceted) shape. The existence of these peculiar assembling is reported elsewhere and, despite its
origin has not been fully clarified, it seems associated to the minimization of elastic bending energy
that in turn leads to a more energetically favourable form than spherical bilayers [153,154]. Thus,
these findings confirm the effectiveness of the selected cryoprotectants in preserving the integrity of
vesicles while favouring their reconstitution in a more stable assembling. Additionally, since
reconstitution was easily achieved manually by a few seconds of shaking, a spontaneous and fast
reconstitution can also be expected in the biological fluids lining the respiratory tract [155].

Respitose® SPC-3 liposomes  Respitose® DPPC liposomes Inulin SPC-3 liposomes Inulin DPPC liposomes

Before freeze-drying

After freeze-drying
and rehydration

Figure 16. Representative cryogenic transmission electron microscopy images of SPC-3 and DPPC
liposomes prepared with 45 mg of Respitose (15t and 2™ column) or inulin (3" and 4™ column), before
freeze-drying (upper row) and after freeze-drying and rehydration (Lower row).

Considering that mucus lining the respiratory mucosa is one of the main obstacles for inhaled
formulations to reach the target tissues, the ability of ovalbumin in solution or encapsulated in
liposomes to cross the mucus was evaluated using an artificial mucus model over 24 hours. A well-
known mucolytic agent, BromAc® was added to facilitate the ovalbumin permeation across the
mucus, at two different doses (low and high) and results were compared with those obtained using
liposomes alone (Fig. 17).

To allow for easier detection, labelled ovalbumin was used and at each time point the amount
permeated in the receptor compartment was quantified. At 1, 2, 4 and 10 hours, the amount of
ovalbumin permeated applying the solution was comparable to that found when it was encapsulated
in liposomes as it was = 0.5% (p > 0.05 among the values obtained using solution or liposomes) at 1
or2 hours and = 1% (p > 0.05 among the values obtained using solution or liposomes) at 4 or 10 hours.
Only at 24 hours, the ovalbumin permeated through the mucus in the receptor compartment using the
solution was lower (~3.8%, p< 0.05 versus values measured at other times) than that found using
liposomes, irrespective to their composition (~5%, p< 0.05 versus value measured at 24 hours using
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the solution). Despite being more effective than the ovalbumin solution, ovalbumin-encapsulated
liposomes with no mucolytic agent had minimal capability of facilitating the passage of the payload
through the mucus, being the amount recovered ~5% at 24 hours. The addition of BromAc®
significantly increased mucus permeation of ovalbumin-encapsulated in liposomes in a
concentration-dependent manner. Indeed, the same amount of labelled ovalbumin permeated that
had been obtained with liposomes alone at 24 hours, was obtained, at only 2 hours, using the
liposomes in association with the lower dose of BromAc® (2% N-acetyl cysteine and 100 pg/mL
Bromelain). Using instead the higher dose of BromAc® (2% N-acetyl cysteine and 250 pg/mL
Bromelain), the amount of ovalbumin penetrated in the mucus was significantly higher, as at 24 hours
it was 7-fold higher than that found in mucus using liposomes alone. Therefore, BromAc® facilitated
and accelerated mucus permeation of labelled ovalbumin, especially when it was delivered by
liposomes.
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Figure 17. Labelled ovalbumin permeated (%) through the mucus at 1, 2, 4, 10 and 24 hours after its
application in solution (yellow) or encapsulated in Respitose SPC-3 liposomes (violet), Respitose
DPPC liposomes (clear blue), inulin SPC-3 liposomes (pink) and inulin DPPC liposomes (blue), with
or without the low and high doses of BromAc®. Mean values + standard deviations are reported.

4.3.2 Dry powders containing freeze-dried anionic liposomes characterization

Since the ovalbumin-encapsulated liposomes were supposed to be used as dry powders for
inhalation, the physical diameter of the particles generated after the actuation of the Aerolizer® loaded
with freeze-dried liposomes was measured under a flow of 100 L/min by laser diffraction. Size
distribution, which is indicated by the coloured lines and represents the volume frequency of each
particle size as well as specific percentiles of particles having a size lower than the measured value
(D10, D50 and D90), and the span, an index of particle size distribution width, were reported (Fig. 18).
Undiluted freeze-dried liposomes prepared with Respitose or inulin, freeze-dried liposomes prepared
with Respitose or inulin and further diluted (1:10) with Respitose (Respitose-diluted liposomes) along
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with Respitose alone were analysed to evaluate any effect of the inhalable-grade Respitose on the
flowability of the resulting powders [156].

The particles generated after aerosolization of Respitose alone were highly homogeneous, as the span
was ~1, with the 90% of the particle population lying < ~100 pm (DS0 = 98.22+2.81 pm), the 50% <
~60 pm (D50 = 61.16+2.91 pm) and only the 10% < ~36 pm (D10 = 35.56+3.45 pm). The particles
generated after aerosolization of undiluted freeze-dried liposomes were smaller, as the measured
values were: D90 < ~60 um, D50 <~12 um and D10 < ~3 pm regardless of the lipid or cryoprotectant
used. The high values of measured span, ~3.11 and ~4.21, indicated the presence of multiple
populations. The particles generated after aerosolization of freeze-dried liposomes, when diluted with
Respitose, had a D90 ~94 pm, thus comparable to that of Respitose alone. This fraction of particles
may indeed be ascribed to the diluent and not to the freeze-dried liposomes as a consequence of the
magnitude of the performed dilution (1:10). Similarly, D50 increased from ~9-12 ym of undiluted
freeze-dried liposomes to ~50 pm for the powders diluted with Respitose. D10 was ~2-4 ym, thus <5
pm, which is the cut-off to achieve lung deposition [157]. Despite this, it must be highlighted that the
dilution with Respitose increased, regardless of the formulation, the volume frequency of particles <
5 pum (Fig. 18), which can in turn increase the powder deposition in the lungs [158].
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Figure 18. Particle size distribution of particles generated by the aerosolization of freeze-dried SPC-3
(A) and DPPC (B) liposomes prepared with Respitose, SPC-3 (C) and DPPC (