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ARTICLE INFO ABSTRACT

Keywords: Nasal immunization is a promising non-invasive route, enabling needle-free self-administration and activating
Liposomes' immune cells in the mucosal tissue of the upper airways. This vaccination method is particularly appealing when
Nanovaccines paired with biocompatible and biodegradable nanocarriers like liposomes, which serve as an effective tool for the
Nasal drug delivery . . . . . .
Sora nasal delivery of antigenic molecules. In the present study, the model antigen ovalbumin was encapsulated in
OI:/al}l;umin liposomes using an eco-friendly method. Negative and positive liposomes were formulated with Phospholipon®

90 G alone (anionic liposomes) or combined with 1,2-dioleoyl-3-trimethylammonium-propane (cationic DOTAP-
liposomes). These liposomes were smaller than 130 nm and remained stable for up to 3 months. Their spray-
ability was assessed based on criteria established by the European Medicines Agency and the Food and Drug
Administration for nasal products. Both formulations were easily sprayable, generating droplets larger than 5 pm,
which are expected to deposit in the nose while avoiding the lungs. Furthermore, after nebulization, they
retained their dimensions, structures, and high encapsulation efficiencies (>70 %). In a co-culture system of
dendritic cells and B3Z OT-I hybridoma cells, it was shown that they enhanced antigen delivery and presentation,
producing approximately 6-9 times more interleukin-2 compared to the ovalbumin solution. Lastly, when tested
on macrophages, they did not induce any proinflammatory effect. However, due to their higher muco-
adhesiveness (~88 % vs ~8 %) and better deposition in the posterior nasal cavity (~52 % vs ~43 %)
compared to anionic liposomes, cationic DOTAP-liposomes appeared more suitable for nasal administration.

Alberta idealized nasal inlet

1. Introduction remain unconvinced about the usefulness of vaccination, most of the
population appears to recognize its importance and trusts that new

Vaccination has evolved since its discovery in 1798, adapting to the technologies will enable simpler, less painful, and more user-friendly
changing needs and concerns of users [1-3]. Although some people methods of administration [4,5]. Currently, most vaccines are
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administered parenterally, intramuscularly, or subcutaneously, with
several consequent problems that include inconvenience, local pain,
need for professional assistance, and high expenses. To address these
issues, several non-invasive administration routes (i.e., oral, trans-
dermal, nasal, and pulmonary) have been exploited over the last decades
[6-10]. Among all, the nasal route, typically harnessed by many path-
ogens for infection, is a convenient site for drug delivery and immuni-
zation and represents a reliable and patient-friendly alternative to the
parenteral or even oral route [11-14]. Indeed, the nasal mucosa itself
offers a wide range of advantages, starting from its easy and manageable
access and the presence of a relevant network of immune cells known as
nasopharyngeal-associated lymphoid tissue (NALT). Therefore, the
ability to stimulate the immune system at this level can provide localized
protection against pathogens, enable their rapid clearance, promote the
induction of long-term immunity through central and tissue-resident
memory cells, and offer new capabilities to regulate the responses
[15]. Due to the anatomy of the mucosa, characterized by low thickness
and high vascularisation, the nasal route possesses the additional benefit
of being suitable not only for local but also for systemic responses,
allowing bypass of the hepatic first-pass metabolism. However, even
though the enzymatic activity in loco is poor compared to the hepatic
first-pass metabolism, it must be taken into account when it comes to
proteins or antigens, as in the case of vaccines, due to the presence of
proteases [16]. An effective way to protect antigens from degradation is
represented by nanocarriers such as liposomes, vesicles with a small size
(<1000 nm) capable of including the antigen in their structure, which
basically consists of an internal aqueous reservoir surrounded by a
lipidic bilayer [17-19]. This peculiar assembling, along with their
safety, optimal performances in targeted delivery, and
composition-dependent adjuvanticity, has prompted scientists world-
wide to develop intranasal vaccines with liposomes [20,21]. Some re-
searchers have evaluated these liposomal formulations against various
airborne pathogens, including SARS-CoV-2, Yersinia pestis, and Group A
Streptococcus, as well as lung cancers [22-27]. Others have utilized li-
posomes loaded with model antigens like ovalbumin to explore the
mechanisms beyond the associated immune responses [28-32]. Despite
the remarkable achievements in immune response, important elements
such as 1) the use of potentially harmful solvents or materials during
vesicle preparation, 2) the significance of the surface charge for the
intranasal route, and 3) the impact of the nebulization process on the
integrity of the liposomes are often overlooked.

In this study, the model antigen ovalbumin was encapsulated in
anionic and cationic liposomes. Notably, direct sonication was used as an
organic solvent-free and reliable method to prepare phospholipid vesicles
tailored for nasal immunization [33]. A mixture of phosphatidylcholines
was used as the main lipidic component due to their safety and
absorption-enhancing properties [34]. Dioleoyl-3-trimethylammonium
propane (DOTAP) was chosen to impart a positive charge to the lipo-
somes and improve the interaction with mucus and immune cells [35].
The physicochemical properties of vesicles were assessed and compared
before and after nebulization using a commercial spray device (Naso-
nex®). A comprehensive analysis of the nasal spray containing the loaded
vesicles was conducted, utilizing laser diffraction and the cutting-edge
Alberta Idealized Nasal Inlet (AINI) replica, which is representative of a
wide range of patient anatomies. This allowed for the determination of the
size distribution of the generated droplets and the evaluation of their
regional deposition patterns [36]. Lastly, the antigen presentation and
inflammatory response were evaluated after exposing murine bone
marrow-derived dendritic cells and human monocyte-derived macro-
phages to the ovalbumin-encapsulated liposomes [33].

2. Materials and methods
2.1. Materials

Phospholipon® 90G (P90G, soybean phosphatidylcholine >94 %,
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lysophosphatidylcholine <4 %, D,L-a-tocopherol palmitate <0.3 %, and
ascorbyl palmitate <0.1 %) was purchased from AVG srl (Milan, Italy).
Novagen® bicinchoninic acid protein assay kit (BCA protein assay kit),
Corning® syringe filters (cellulose triacetate membrane, surfactant-free,
diam. 28 mm, pore size 0.2 pm), ovalbumin (Grade VI, >98 %), DOTAP
(chloride salt), cholesterol, fluorescein isothiocyanate-dextran (FITC-
dextran, molecular weight 70 kDa), lipopolysaccharide from E. coli 055:
B5, trypan blue, and all the other reagents of analytical grade were
purchased from Sigma-Aldrich (Milan, Italy). Blue patent dye and red
ponceau dye were purchased from Galeno srl (Carmignano, Italy).
Vivaspin® 2 centrifugal concentrators (cellulose triacetate membrane,
molecular weight cut-off 100 kDa) were purchased from Thermo Fisher
Scientific Inc. (Waltham, USA). Ultrapure bidistilled water was obtained
from a Milli-Q R4 system, Millipore (Milan, Italy).

2.2. Preparation of liposomes

Anionic liposomes were prepared, dispersing P90G (69 mg mL™})
and cholesterol (1 mg mL 1) in sterile bidistilled water. To maintain a
constant total lipid concentration of 70 mg mL~}, cationic DOTAP-
liposomes were prepared using 60 mg mL™! of P90G, 9 mg mL~" of
DOTAP, and 1 mg mL ™! of cholesterol. In both cases, ovalbumin was
dispersed along with the lipids at a final concentration of 5 mg mL ™.
Dispersions were directly sonicated twice (4 s On, 2 s Off, 5 cycles, 14 pm
amplitude) using a probe sonicator Soniprep 150 (MSE Crowley, Lon-
don, UK), allowing each sample to cool down for 5 min between the two
sonication sessions to avoid overheating. The unencapsulated oval-
bumin was subsequently removed using Vivaspin® 2 centrifuge con-
centrators according to section 2.2.4. Lastly, the samples (n = 3 per type)
were filtered through Corning® syringe filters (pore size 0.2 pm) inside
previously autoclaved vials under a laminar flow hood to obtain sterile
formulations. All the vesicles were stored at 4 °C under vacuum.

2.3. Characterization of liposomes

2.3.1. Morphological features

Vesicle morphology was observed by cryogenic transmission elec-
tron microscopy (cryo-TEM) using a TECNAI G2 20 TWIN microscope
(FEL Eindhoven, The Netherlands) to evaluate their shape, lamellarity,
and successful manufacture. The analysis was carried out at 200 KeV
voltage in a bright-field and low-dose image mode [37]. The diluted
sample dispersion (3 pL) was placed over glow-discharged 300 mesh
Quantifoil TEM grids frozen, which were then plunged into liquid
ethane employing a FEI Vitrobot Mark IV. The frozen grids were kept
below —170 °C (liquid nitrogen temperature) in a 626 DH Single Tilt
Cryo-Holder (Gatan, France) before and during cryo-TEM analysis.

2.3.2. Physicochemical characteristics

The mean diameter (MD), polydispersity index (PDI), and zeta po-
tential (ZP) of the vesicles (n = 3 per type) were measured using a
Zetasizer Ultra (Malvern Instruments, Worcestershire, UK). The MD and
PDI were determined through the dynamic light scattering technique,
which measures the Brownian motion of the particles in the sample. ZP
was instead detected through the mixed-mode measurement-phase
analysis, which measures the electrophoretic mobility of the particles in
dispersion [38]. All the samples were properly diluted with water (1:100
v/v) before analysis to obtain an adequate count rate and ensure the
reproducibility of the experimental measurements. The most suitable
dilution to perform the analysis was chosen according to the feedback
provided by the intelligent data quality advice of the ZX software
(Malvern Instruments, Worcestershire, UK). The scattering angle used
was 175° (back-scatter).

2.3.3. Long-term stability
All the vesicles (n = 3 per type) were stored at 4 °C and kept under
vacuum before and after every measurement to prevent any cross-



M. Aroffu et al.

contamination. MD, PDI, and ZP were measured with the Zetasizer Ultra
after 1 month and 3 months of storage. Prior to analysis, samples were
allowed to equilibrate at room temperature (25 °C) for 15 min and then
measured at the same temperature. Each opening was performed under
aseptic conditions to preserve the sterility of the content.

2.3.4. Encapsulation efficiency

EE (%) of ovalbumin within the liposomes was determined indirectly
using Vivaspin® 2 centrifugal separators with a cellulose triacetate
membrane. This membrane was selected over others due to its low
binding affinity for macromolecules like proteins and its ability to pro-
vide the highest filtrate [39]. All the separators were pre-treated over-
night with a passivation solution (Triton X, 5 % w/v) and rinsed with
distilled water several times before use, according to the manufacturer’s
recommendations. Both vesicle dispersions were diluted with water to 7
mg mL~! of total lipids and 0.5 mg mL™! of ovalbumin, loaded (1 mL)
into the Vivaspin® 2 centrifugal separators, and centrifuged at 1000 rpm
for 2 h at 25 °C, with a centrifuge equipped with swing bucket rotor
(Eppendorf Centrifuge 5804, Sigma, Italy). The amount of free oval-
bumin collected in the purification filtrates was determined using the
BCA protein assay kit (Novagen®, Sigma, Italy), analyzing the absor-
bance at 562 nm with a UV spectrophotometer (Lambda 25, Perki-
nElmer, Milan, Italy) [40]. All experiments were performed in triplicate.
The EE (%) was calculated according to the following formula:

__ Total ovalbumin — ovalbumin in the purification filtrate

EE (%) = 100%
(%) Total ovalbumin x 100%

(Eq- 1)

2.3.5. Mucoadhesiveness

The ZP variations and mucin adsorption onto vesicle surfaces were
measured to assess their muco-adhesiveness [41]. Vesicles were there-
fore diluted (1:80 v/v) with a mucin solution (0.5 mg rnL’l), vortexed
for 10 s, and incubated at 37 °C for 20 min, which corresponds to the
mucociliary clearance time in the nose [42,43]. ZP was measured at
37 °C every 5 min during the 20-min incubation period (0, 5, 10, 15, and
20 min) and compared with the ZP of the corresponding vesicles diluted
with water. To assay the mucin adsorption, the method developed by
Salade and co-workers was employed with some modifications [42].
Briefly, once the incubation time had elapsed, the vesicle dispersions
diluted with mucin were centrifuged at 4000 rpm for 10 min, and 25 pL
of supernatant were collected to quantify the amount of free mucin by
the BCA protein assay kit (Novagen®, Sigma, Italy) [44]. To exclude any
possible interaction due to lipids or ovalbumin in the quantification of
mucin, empty vesicles and ovalbumin-loaded vesicles diluted with water
rather than mucin were used as references. All the experiments were
performed in triplicate. The percentage of mucin adsorbed onto the
vesicles was indirectly calculated according to the following formula:

Total mucin — free mucin

Adsorbed mucin (%) = Total mucin

x 100%

(Eq. 2)

2.4. Sprayability of liposomes

2.4.1. Stability following nebulization

Ovalbumin-encapsulated anionic liposomes and cationic DOTAP-
liposomes (6 mL) were loaded into the commercial Nasonex® device
(Merck Sharp & Dohme Corp., Heist-op-den-Berg, Belgium) and
completely discharged into a conical flask. The device and the conical
flask were oriented at 45° to simulate the conditions required for per-
forming the droplet size distribution and deposition studies described in
sections 2.4.2 and 2.4.3, respectively. After being discharged, the vesi-
cles were recovered and properly diluted with water to assess the MD,
PDI, ZP, and EE of the sprayed vesicles. These analyses followed the
same procedures and settings described in sections 2.3.2 and 2.3.4.
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2.4.2. Mean droplet size and size distribution

The droplet size distribution was measured by laser diffraction using
the Spraytec® (Malvern Panalytical Ltd., Malvern, United Kingdon),
which detects droplets sized from 0.1 to 2000 pm. Tests were carried out
at nozzle tip-to-laser distances of 4 and 7 cm, complying with the
measurement range (3-7 cm) and the distance between measurements
(3 cm) set by the Food and Drug Administration (FDA). Each formula-
tion (6 mL) was transferred to the Nasonex® device. All the measure-
ments were performed in triplicate at 25 °C, positioning the 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 measured.

2.4.3. Droplet deposition in the Alberta Idealized Nasal Inlet

FITC-dextran with comparable molecular weight to ovalbumin was
added as a fluorescent probe to anionic liposomes and cationic DOTAP-
liposomes during preparation. The Alberta Idealized Nasal Inlet (Copley
Scientific, Nottingham, United Kingdom) was coated with the mucin
solution (0.5 mg mL 1) used in section 2.3.5 and further connected to
the Next Generation Impactor (NGI) (Copley Scientific, Nottingham,
United Kingdom) and a pump. The device mentioned above was filled
with 6 mL of dispersions of negative or cationic DOTAP-liposomes,
oriented at 45° to the Alberta Idealized Nasal Inlet, and manually
actuated three times for each formulation after priming. A Petri dish was
placed under the device to recover the sample in case of dripping. A
steady flow rate of 7.5 L/min was set to simulate slow inhalation
through a single nostril. 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
break the liposomes and ensure the proper detection of FITC-dextran (A
excitation: 495 nm; A emission: 525 nm) by spectrophotometer (Lambda
25, PerkinElmer, 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.

2.5. Invitro studies with liposomes

2.5.1. Bone marrow-derived dendritic cells and B3Z OT-I hybridoma cell
line

Bone marrow dendritic cells were derived by in vitro differentiation
of myeloid precursors.

Myeloid precursors were isolated by bone marrow of tibiae of eight-
week-old female C57BL/6 mice (Charles River Lecco, Italy), housed
under standard pathogen-free conditions abiding by institutional
guidelines. All animal manipulation and experimental procedures
comply with the Arrive guidelines and were carried out in accordance
with the European Community guidelines (directive 2010/63) and
under the approval of the Italian Ministry of Health (authorization n°
7E58D.12 released on 5-20-2020). Both ends of the tibiae were cut, and
bone marrow was flushed with the needle of a syringe filled with ice-
cold Roswell Park Memorial Institute (RPMI 1640) medium. Clusters
of cells were dissolved by pipetting, and cells were washed twice with
medium, plated, and cultured with 200 U mL™! of recombinant murine
granulocyte/macrophage colony-stimulating factor (GM-CSF) in RPMI
1640 medium supplemented with 10 % fetal calf serum, 60 pg mL!
penicillin, 100 pg mL~! streptomycin, 1 mM sodium pyruvate, and 50
uM 2-mercaptoethanol. Immature dendritic cells were collected 8 days
later and used in the antigen presentation assay.

B3Z OT-1 hybridoma cell line was grown in RPMI1640 supplemented
with 10 % fetal calf serum, 100 U mL~! penicillin, 100 pg mL~! strep-
tomycin, 1 % glutamine, 1 % non-essential amino-acids, 1 % sodium
pyruvate and 50 pM 2-mercaptoethanol. B3Z cells have a T-cell receptor
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specific for the ovalbumin-derived peptide 257-264 (SIINFEKL) pre-
sented by the major histocompatibility complex I (MHC I) on the surface
of dendritic cells [45]. Recognition of the presented peptide by B3Z cells
results in the production of interleukin-2 (IL-2), which correlates with
the uptake and processing of the ovalbumin and, thus, the antigen
presentation [46].

2.5.2. Antigen presentation assay

Dendritic cells (1 x 10° mL~') were incubated in culture medium
(control) or with different concentrations (1-5 pg mL 1Y) of either
ovalbumin-encapsulated liposomes or ovalbumin solution. After over-
night incubation, the dendritic cells were co-cultured for 40 h with the
B3Z hybridoma cells (5 x 10°/well) and the amount of IL-2 released in
the medium of co-cultured cells was measured by ELISA. Supernatants
(0.1 mL/well) were assayed in duplicate using mouse IL-2 ELISA MAX
Standard Set (BioLegend, San Diego, CA). Results are representative of
two independent experiments.

2.5.3. Isolation of human monocytes and monocyte-derived macrophages
All samples of human blood included in this study were obtained
from anonymous volunteers after informed consent, and all were
donated by the hospital “Azienda Ospedaliera Universitaria Federico II”
as discarded blood products. Peripheral blood mononuclear cells were
separated by Ficoll-Paque gradient density separation (GE Healthcare,
Bio-Sciences AB, Uppsala, Sweden) and then monocytes were isolated by
CD14 positive selection with magnetic microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany). Monocytes used in the experiments were
>95 % viable and >95 % pure (assessed by trypan blue exclusion and
cytosmears). 5 x 10° monocytes were seeded in 24-well flat-bottom
plates in a final volume of 1 mL/well of RPMI 1640 and Glutamax-I
supplemented with 50 pg mL™' gentamicin sulphate, 5 % heat-
inactivated AB human serum (Sigma-Aldrich, MO, USA), and 10 ng
mL ™! macrophage colony-stimulating factor (M-CSF). To obtain differ-
entiated macrophages, the cells were maintained at 37 °C in 5 % CO
atmosphere for 7 days. The medium was changed every 3 days.

2.5.4. Biocorona formation on liposome surface

Liposomes were pre-incubated, admixed 1:1 (v/v) with heat-
inactivated AB human serum, and incubated for 1 h at 37 °C in an
orbital shaker (Thermo-Shaker TS-100C, BioSan, Riga, Latvia) at 300x g,
in order to obtain the formation of serum protein biocorona on their
surface thereby ensuring their stability in culture. The vesicles with the
serum shell were added directly to culture wells, and their concentration
was adjusted to the desired values for each treatment.

2.5.5. Stimulation of monocyte-derived macrophages

Monocyte-derived macrophages were exposed for 24 h to culture
medium alone (negative control), medium containing 5 ng mL™* of
lipopolysaccharide from E. coli O55:B5 (positive control), medium
containing ovalbumin or medium containing biocorona-coated lipo-
somes diluted up to 200 ng mL™%, 1 pg mL™2, 5 pg mL ! of ovalbumin.
After exposure, cell supernatants were collected, centrifuged, and frozen
at —80 °C for subsequent cytokine analysis. Production of tumor ne-
crosis factor o (TNF-o) was measured in the culture supernatants using
an ELISA kit (R&D Systems, MN, USA) according to the manufacturer’s
protocol and analyzed with a MultiScan FC reader (Thermo Scientific).

2.6. Statistical analysis

Results are expressed as the mean + standard deviation. Variance
analysis was used to determine statistically significant differences
among the samples (n = 3 per type). The Tukey-Kramer t-test was
employed as a post-hoc statistical test to confirm the presence of a sig-
nificant difference between the means of two specific groups. The sta-
tistical analysis was performed by using the Excel software package
(Microsoft Corp, Redmond, USA) equipped with a tool for statistical
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analysis, and the minimum level of significance chosen was p < 0.05.
3. Results
3.1. Characterization of liposomes

The actual formation of liposomes, along with their morphology and
lamellarity, was confirmed by cryogenic transmission electron micro-
scopy (Fig. 1). Anionic liposomes were overall smaller than cationic
DOTAP-liposomes, slightly irregularly shaped, and mostly unilamellar.
By contrast, cationic DOTAP-liposomes had an overall more regular and
spherical shape and an uni- or oligolamellar structure.

The MD, PDI, ZP, and EE of the vesicles were assessed (Table 1). 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 DOTAP strongly affected the shape and surface charge of the vesicles,
which became regular and spherical. The cationic DOTAP-liposomes
exhibited a ZP of around 50 mV, in contrast to the ZP of —8 mV
observed in the anionic liposomes prepared without it. Despite the
anionic liposomes and cationic DOTAP-liposomes being able to encap-
sulate high amounts of antigen (>70 %), the cationic ones led to higher
encapsulation (~82 %), thus suggesting an important role of the DOTAP
not only in the superficial charge but also in the vesicle assembling and
antigen loading.

The long-term stability of the vesicle dispersions was evaluated by
measuring all the physico-chemical variations involving MD, PDI, and
ZP during 3 months (Table 2). While the MD and the PDI of the anionic
liposomes were basically unaffected over time, a progressive 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 the ZP. After the 4th month, it was impossible to
measure these parameters further because of the precipitation phe-
nomena that occurred in the two dispersions.

The muco-adhesiveness of liposomes was evaluated by diluting the
dispersions with a mucin solution (0.5 mg mL™') and measuring the
resulting ZP and the amount of mucin adsorbed on their surface. The
initial ZP of anionic liposomes (—8 mV) did not undergo significant
changes, becoming only slightly more negative and reaching almost the
same values as the mucin dispersion (—18 mV), regardless of the incu-
bation time. On the contrary, the ZP of cationic DOTAP-liposomes un-
derwent a substantial change, shifting from a strong positive value (53
mV) to a significant negative value (—18 mV), similar to that of mucin,
regardless of the incubation time. Considering these changes in ZP, it
can be concluded that greater interactions occurred between the mucus
and cationic DOTAP-liposomes due to their positive charge. The in-
tensity 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’l) for 20 min at 37 °C (Fig. 2). 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.

3.2. Sprayability of liposome dispersions

The adequacy of these formulations to be sprayed and, therefore,
used as nasal spray vaccines was first evaluated in terms of variations of
MD, PDI, ZP, and EE after nebulization with respect to the initial values
(Table 3). Statistical differences could only be found when comparing
anionic and DOTAP-liposomes due to the differences in their initial
characteristics. By contrast, after nebulization with the Nasonex® de-
vice, both vesicles demonstrated high stability as none of the studied
parameters (i.e., MD, PDI, and EE) underwent significant variations.
Considering that the internal diameter of the nozzle is in the range of
400-800 pm while the MD of both vesicles is < 130 nm, it is likely that
no physical obstruction is generated during the actuation of the device.
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———— 100 nm

P0G DOTAP Cholesterol Ovalbumin

(mg-mL™) (mg-mL™) (mg-mL™) (mg-mL™)
Lip 69 - 1 5
DOTAP-liposomes 60 9 1 S

Fig. 1. Representative Cryo-TEM images of anionic liposomes (A) and cationic DOTAP-liposomes (B). The liposomal composition (mg-mL’l) is provided (table) to
facilitate comparison between the systems.

(Re < 3100) and not to turbulent flows (Re > 3100) [47]. Consequently,
these two elements cannot alter the structural integrity of the vesicles,
which is ultimately linked to the retention of the initial physicochemical
properties and high encapsulation efficiencies of the antigen (>70 %).

Table 1
MD, PDI, ZP, and EE of ovalbumin-encapsulated liposomes (mean values +
standard deviations, n = 3).

MD (nm) PDI ZP (mv) EE (%) Upon confirmation of vesicle stability under nebulization conditions,
Liposomes 108 +1 0.22 4 0.01 -8+l 74+ 4 the aerosol droplet size generated by the device was characterized
DOTAP-liposomes 125+ 2 0.26 £ 0.01 532 821 following the specifications outlined by the European Medicines Agency

(EMA) and the U.S. Food and Drug Administration (FDA) for nasal spray-
based vaccine delivery systems. The nozzle tip of the device was posi-
tioned at 4 and 7 cm from the laser beam in two consecutive measure-
ments while keeping the device oriented at 45°. The cumulative volumes
of undersized droplets, expressed as D10, D50, and D90, were calculated

In addition, for fluids with a viscosity approximately equal to that of
water, like these vesicle dispersions, low Reynolds numbers (Re) are
generated by the device, which basically correspond to laminar flows

Table 2
MD, PDI, and ZP of ovalbumin-encapsulated liposomes at 30 and 90 days (mean values + standard deviations, n = 3).
MD (nm) PDI ZP (mV)
Days 0 30 90 0 30 920 0 30 920
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-liposomes 127 £ 2 138 +£2 140 + 8 0.25 +0.01 0.26 = 0.01 0.27 +£0.01 53+2 50+ 2 46 + 6
Liposomes

DOTAP-liposomes

0 10 20 30 40 50 60 70 80 % 100
Adsorbed mucin (%)

Fig. 2. 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™Y) for 20 min at 37 °C (mean values + standard deviations, n = 3). The symbol (*) indicates statistically different values (p < 0.05). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 3

MD, PDI, ZP, and EE of ovalbumin-encapsulated liposomes before and after
nebulization with the Nasonex® device (mean values + standard deviations, n
= 3). Statistical analysis was performed comparing the data within the same row
(before or after nebulization analysis, liposomes vs DOTAP-liposomes) or the
same column (before and after nebulization analysis, liposomes vs liposomes
and DOTAP-liposomes vs DOTAP-liposomes). Statistically different values (p <
0.05) are indicated by symbols (*, 0.

Liposomes DOTAP-liposomes

Before nebulization MD (nm) 108 + 1% 125 + 2%

PDI 0.22 £+ 0.01* 0.26 + 0.01*

ZP (mV) -8+ 1% 53 £+ 2%

EE (%) 74 + 4% 82 £ 1%
After nebulization MD (nm) 113 + 30 123 + 10

PDI 0.24 £+ 0.02 0.26 + 0.01

ZP (mV) -11+20 57 + 65

EE (%) 71 + 40 81 + 50

along with the width of their size distribution, expressed as span (Fig. 3).
Overall, the narrow span values (<1.5) highlighted a high homogeneity
of size distribution among the generated droplets. When sprayed at 4 cm
from the laser beam, the behaviour of the anionic and cationic DOTAP-
liposome dispersions was similar. The D90 was ~90 pm and the D10 was
~22 pm, indicating that 90 % of the generated droplets had a physical
diameter <90 pm and the remaining 10 % had a diameter <22 pm.
When the dispersions were sprayed at 7 cm from the laser beam, the D90
decreased to ~78 pm while the D10 increased to ~30 pm. The D50 was
the only value unaffected by the laser beam distance or the dispersion
used, remaining constant at ~50 pm. However, regardless of the tested
distance or formulation, the generated droplets were always larger than
10 pm and, therefore, suitable to be deposited in the nasal cavity [48].

3.3. Invitro deposition of liposome dispersions using the Alberta Idealized
Nasal Inlet

The specific regional deposition of anionic liposomes and cationic
DOTAP-liposomes was then assessed using a realistic nasal replica, the
AINI, which possesses a four-region resolution (vestibule, olfactory re-
gion, turbinates, and nasopharynx) to allow the recovery of the sample,
connected to the NGI, which simulates the lungs (Fig. 4) [36]. The
quantitative recovery was confirmed qualitatively using blue patent
dye-labelled anionic liposomes and red ponceau dye-labelled cationic
DOTAP-liposomes. To facilitate the quantification, liposomes were
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7 cm DOTAP-liposomes

pt

Droplet size (um)
Span

4 cm liposomes 4 cm DOTAP-liposomes 7 cm liposomes

D10 (um) D50 (um) W D90 (um) Span

D10 (um) D50 (um) W D90 (um)

Fig. 3. Cumulative volumes of undersized droplets (D10, D50, and D90) and
width of their size distribution (span) for anionic liposomes (blue) and DOTAP-
liposomes (red) sprayed at distances of 4 cm (left bars) and 7 cm (right bars)
from the laser beam (mean values + standard deviations, n = 3). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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fluorescently labelled with FITC-dextran. The total recovery of the
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, using the two
different formulations, the deposition in the olfactory region (<0.5 %)
and in the lungs (0 %) was not statistically different. By contrast, in the
turbinates, the deposition provided by cationic DOTAP-liposomes (~52
%) was significantly higher than that provided by anionic liposomes
(~43 %, p < 0.05 between the two values). In the nasopharynx, the
deposition of anionic liposomes was slightly higher (~3 %) than that of
cationic DOTAP-liposomes (~0.8 %, p < 0.05 between the two values).
Considering these findings, the similar deposition patterns observed for
both anionic and cationic DOTAP-liposomes in the vestibule suggest that
the effect of surface charge may be attenuated or even masked within
this region. The high velocity imparted by the spray device in this first
stage of the AINI likely results in a deposition mechanism dominated by
inertial impaction, rather than electrostatic interactions. Conversely, in
more distal regions such as the turbinates, the diminished velocity en-
ables droplets to align with the airflow, potentially increasing the
chance for vesicles to interact with the mucin layer. Consequently, the
greater deposition of cationic DOTAP-liposomes that occurs in the tur-
binates is possibly facilitated by more pronounced electrostatic forces
with the negatively charged mucin, in comparison to anionic liposomes,
which possess the same charge as mucin and are repulsed towards the
last stage of the AINI (i.e., the nasopharynx).

3.4. In vitro tests

3.4.1. IL-2 production by OVA (257.264)-specific B3Z cells

The efficacy of anionic liposomes and cationic DOTAP-liposomes as
antigen delivery carriers was evaluated measuring the IL-2 produced in a
co-culture of dendritic cells exposed to liposome dispersions or culture
medium (control) and B3Z cells (Fig. 5). When the ovalbumin solution
was used, the production of IL-2 was negligible and comparable to that
found in the control cells exposed to the medium without the antigen
(~15 pg mL™}, p > 0.05 between the two values), irrespective of the
used concentration. An increased production of IL-2 was detected when
the ovalbumin was delivered in anionic liposomes, regardless of the used
concentration (~85 pg mL™}, p > 0.05 between the two values). A
further increase was found in delivering ovalbumin in cationic DOTAP-
liposomes, as the concentration was ~120 pg mL~* with 1 pg mL~! and
~137 pg mL~! with 5 ug mL™! (=85 pg mL~}, p > 0.05 versus 137 pg
mL™Y). Results indicate that both formulations, especially cationic
DOTAP-liposomes, mediated antigen uptake, processing, and presenta-
tion as they induced IL-2 production at levels significantly higher than
those provided by the ovalbumin solution.

3.4.2. Production of TNF-a by human monocyte-derived macrophages

The inflammatory 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
dilutions were tested corresponding to 200 ng mL ™! (data not shown), 1
Hg mL ! (data not shown), and 5 pg mL ! (Fig. 6) of ovalbumin. Mac-
rophages exposed only to the culture medium were used as a negative
control, whereas macrophages exposed to lipopolysaccharide, a proto-
typical inflammatory stimulus, were used as a positive control. Macro-
phage activation was evaluated by measuring the production of the
inflammatory cytokine TNF-a. Similarly to the ovalbumin solution, the
ovalbumin-encapsulated liposomes did not induce a measurable reac-
tivity in human macrophages, being unable to promote TNF-a and thus
an inflammatory response at any tested dose (p < 0.05).

4. Discussion

With the aim of formulating liposomes tailored to be easily
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Fig. 4. FITC-dextran recovered in the deposition regions of the AINI (vestibule, olfactory region, turbinates, and nasopharynx) and the NGI (lungs) after nebulization
of labelled anionic liposomes (in blue) and cationic DOTAP-liposomes (in red) (mean values + standard deviations, n = 3). The symbol (*) indicates statistically
different values (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. IL-2 measured in the medium of dendritic cells pre-exposed to culture medium (control), ovalbumin solution (1 and 5 pg mL™") or ovalbumin (1 and 5 pg
mL ') encapsulated in anionic liposomes or cationic DOTAP-liposomes and co-cultured with B3Z cells (mean values + standard deviations representative of two
independent experiments). The symbol (*) indicates statistically different values (p < 0.05).

administered intranasally to stimulate immunity at the nasal level and
block the pathogens at the entry site, the model antigen ovalbumin was
encapsulated in two kinds of phospholipid vesicles, having negative
(liposomes) and positive (DOTAP-liposomes) superficial charge. Pri-
mary importance was devoted to the selection of vesicle composition,
which strongly affects vesicle performances and surface charge, ulti-
mately playing a key role in mucus adhesion, particle retainment in situ,
and cellular uptake by the antigen-presenting cells of the immune sys-
tem. Thus, a commercial mixture of phosphatidylcholines (P90G) was
selected and used as a main lipidic component by virtue of their uptake-
enhancing properties, whereas DOTAP, a cationic phospholipid
featuring an unsaturated fatty acid, was chosen to impart positive charge
and induce the immune response [49,50]. Currently, cationic liposomes
have gained attention as adjuvants for vaccine delivery as they can boost
antigen delivery and promote antigenic protein uptake by
antigen-presenting cells [30,51]. Although the mechanism of their
adjuvanticity is not fully understood, what is well known is the ability of
DOTAP to promote cell surface contact by electrostatic interaction,
foster uptake and antigen presentation by dendritic cells and even in-
crease the humoral response [26]. During the preparation of the
ovalbumin-encapsulated liposomes, cholesterol was also added to P90G
and DOTAP because of its membrane-stabilizing effects [52]. By
contrast, positively charged cholesterol, which has also been used to
produce vaccines, was not considered for this study because of its higher

cost and its toxicity in combination with DOTAP, as reported by several
authors [35,53-55].

Irrespective of the formulation, direct sonication was used as an
organic solvent-free and eco-friendly method to prepare the phospho-
lipid vesicles [56,57]. The chosen method was consistent, allowing to
obtain homogeneous systems (PDI <0.3) with high EE (>70 %) as much
as other techniques such as thin film evaporation, ethanol injection, and
microfluidics, which, however, rely on organic solvents to dissolve lipids
and are therefore not environmentally safe and require several dissipa-
tive preparation steps [19].

As most vaccines nowadays struggle to ensure a palatable route of
administration that is painless and non-invasive, the nasal route was
elected to administer ovalbumin-encapsulated liposomes to the nasal
cavity and elicit a response in situ. This is currently regarded as a
promising preventive strategy, especially against those diseases
affecting the respiratory system, which is often exposed to airborne
pathogens [58]. However, liposomes must stay stable upon nebulization
and not lose their payload to be truly effective. The findings of the
current study highlighted the high degree of structural retainment of the
obtained vesicles upon nebulization with the commercial spray device
Nasonex® and, therefore, their suitability to be sprayed with this device.
The absence of high shear forces generated by the device and the high
flexibility of these vesicular systems are reported as key factors in
ensuring suitable delivery of the payloads through the nose [20,47].
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Fig. 6. TNF-a produced by human monocyte-derived macrophages exposed to
the culture medium (in grey, negative control), ovalbumin solution (5 yg mL™?)
(in yellow) or ovalbumin (5 pg mL™H encapsulated in anionic liposomes (in
blue), and DOTAP-liposomes (in red) or 5 ng mL~?! of lipopolysaccharide (in
green, positive control) (mean values + standard deviations representative of
two independent experiments). The symbol (*) indicates statistically different
values from all the other treatments (p < 0.05). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

Nonetheless, in evaluating nasal performance, it is also important to
have a general understanding of the deposition phenomena, which is
why the EMA and FDA suggest assessing the droplet size distribution
[59,60]. The results obtained in this study indicated that both formu-
lations, once sprayed, generated droplets larger than 10 pm, with up to
the 90 % of the droplets lying in a dimensional range of 80-90 pm. Being
5 pm the required aerodynamic diameter to ensure lung deposition, the
data collected highlighted that a high percentage of droplets was
deposited nasally with extreme precision, avoiding any pulmonary
deposition [48]. The characterization of the specific deposition site in
the nose was further carried out with the AINI, whose geometry allows
the assessment of deposited materials in four anatomical regions (ves-
tibule, turbinates, olfactory region, and nasopharynx) with high corre-
lation in vitro-in vivo [61]. According to the results of a previous study
performed by Chen and colleagues, the obtained data indicated that the
droplets generated by the device deposited in the nose but not in the
lungs [61]. Specifically, the percentage of anionic liposomes and
cationic DOTAP-liposomes detected in the vestibule was comparable
(~45 %), whereas that of cationic DOTAP-liposomes in the turbinates
was higher (~52 %). In a vaccine context, the deposition in the posterior
nasal cavity (i.e., turbinates) is recognized as the site where the immune
response is mainly produced [62,63]. Accordingly, Xu and colleagues
achieved better in vivo efficacy of their vaccine candidate when it was
more effectively deposited in the turbinate region during in vitro studies
on a nasal replica [64]. Consequently, the cationic DOTAP-liposomes are
expected to be more suitable than the anionic ones since their higher
muco-adhesiveness (88 % vs ~8 %) led to a higher deposition in this
region of the posterior nasal cavity [32,65].

Even though deposition in this area can improve vaccine effective-
ness, it alone is insufficient to ensure a proper immune response. The
improved capability of the carriers to deliver the antigen to the antigen-
presenting cells is mandatory, as these cells process the antigen and
present it to the lymphocytes, thereby initiating the immune response
[66]. IL-2 modulates regulatory T cells and tunes effector lymphocyte
responses, two important processes involved in immunological re-
sponses. Therefore, bone marrow-derived dendritic cells were exposed
to two different concentrations of ovalbumin (5 and 1 pg mL™Y) in so-
lution or encapsulated in phospholipid vesicles, and the antigen uptake,
processing, and presentation were evaluated by measuring IL-2 pro-
duction by the co-cultured T cells. Ovalbumin loaded in liposomes
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significantly boosted IL-2 production compared to the antigen solution,
confirming the carrier’s ability to be effectively sensed and engulfed by
the antigen-presenting cells. In particular, cationic DOTAP-liposomes
provided the highest production of IL-2 in a concentration-dependent
manner. The differences in the response efficiency were probably
mediated by the surface charge of vesicles. Indeed, as reported else-
where, positively charged liposomes display greater adjuvanticity than
negatively charged or neutral liposomes due to their better ability to
interact with the negatively charged membranes of antigen-presenting
cells [67,68].

The introduction of foreign materials, such as vaccines, into the or-
ganism, may be sensed by the innate immune system as a harmful
stimulus. In this respect, the formulations used did not trigger an in-
flammatory response in human macrophages, as no production of the
inflammatory cytokine TNF-a was detected [69]. Although measuring a
single inflammatory cytokine is not exhaustive, the lack of response at
any dilution of ovalbumin, whether in solution or encapsulated in li-
posomes, suggests that the carriers themselves do not exert proin-
flammatory effects following administration and are perceived as safe by
the immune system [70-72]. According to Bygd and colleagues, the
composition of liposomes can alter macrophage phenotype and their
responses [73]. Tada et al. used a combination of DOTAP and cholesterol
in cationic liposomes and did not observe an altered response, as no
TNF-a expression was detected upon administration [30]. On the other
hand, Li and co-workers developed anionic liposomes using phosphati-
dylcholine as the main lipid, observing that TNF-a production was,
again, not influenced upon exposure [74]. In this study, liposomes were
mainly composed of phosphatidylcholine and cholesterol, alone
(anionic liposomes) or in combination with DOTAP (cationic
DOTAP-liposomes), and no TNF-a response was detected. Therefore, the
anionic liposomes and cationic DOTAP-liposomes developed here have a
suitable composition, as they are unable to trigger a potential inflam-
matory response upon administration, confirming previous findings.

5. Conclusions

The results of this study demonstrate that ovalbumin can be suc-
cessfully encapsulated in anionic liposomes and cationic DOTAP-
liposomes via water dispersion and direct sonication. This method
avoids dissipative preparation steps and organic solvents, offering a
simple, eco-friendly manufacturing process using primarily natural
components such as soy phosphatidylcholine and cholesterol. The for-
mulations, sprayed with a commercial nasal device, are widely stable
upon nebulization, allowing the encapsulated antigen to be retained
after the device actuation. Cationic DOTAP-liposomes are particularly
promising, achieving primary deposition in the turbinates and
enhancing antigen delivery and presentation while being well-tolerated.
Overall, they also appear more suitable for nasal administration due to
their higher muco-adhesiveness, potentially leading to a prolonged local
response. However, in vivo studies are needed to confirm the promise of
this ovalbumin formulation. Possibly, a dried form will be developed in
the future to extend its storage and use.

CRediT authorship contribution statement

Matteo Aroffu: Writing — original draft, Visualization, Methodology,
Investigation, Formal analysis, Data curation. Federica Fulgheri:
Writing — review & editing, Validation, Methodology, Investigation.
Rita Abi Rached: Writing - review & editing, Validation, Methodology.
Ines Castangia: Writing — review & editing, Methodology. Annunziata
Corteggio: Validation, Methodology, Investigation. Paola Italiani:
Writing — review & editing, Validation, Methodology, Investigation.
Luciana D’Apice: Writing — review & editing, Validation, Methodology,
Investigation. Myriam Sainz-Ramos: Validation, Methodology, Inves-
tigation. Fatima Garcia-Villén: Validation, Methodology, Investiga-
tion. Xavier Fernandez-Busquets: Validation, Methodology,



M. Aroffu et al.

Investigation. Maria Manconi: Writing — review & editing, Visualiza-
tion, Validation, Supervision, Project administration, Methodology,
Conceptualization. José Luis Pedraz: Writing — review & editing,
Visualization, Validation, Supervision, Project administration, Method-
ology, Conceptualization. Maria Letizia Manca: Writing — review &
editing, Visualization, Validation, Supervision, Project administration,
Methodology. Anna Maria Fadda: Writing — review & editing, Visual-
ization, Validation, Supervision, Methodology, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence

Abbreviations

Journal of Drug Delivery Science and Technology 114 (2025) 107498
the work reported in this paper.
Acknowledgments

This research was comprehensively supported by the Project PRIN
2017, n. 20173ZECCM, “Tackling biological barriers to antigen delivery by
nanotechnological vaccines (NanoTechVax)", funded by the Italian Min-
istry of University and Research. The authors are also grateful for the
support and the expertise provided by the ICTS “NANBIOSIS” and the
Drug Formulation Unit (U10) of the CIBER in Bioengineering, Bio-
materials and Nanomedicine (CIBER-BBN), and consolidated groups
(IT1448-22) at the University of Basque Country (UPV/EHU).

Abbreviation Full-length text

AINI Alberta Idealized Nasal Inlet

BCA protein assay kit Bicinchoninic acid protein assay kit
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