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ARTICLE INFO ABSTRACT

Keywords: The skin is an appealing and easily accessible route of administration for fast mass vaccination. However, it relies
Phospholipid vesicles mainly on injection, meaning no immunization is achieved locally. In addition, pain, fear, and injuries strongly
O"_albumm ) affect and reduce the effectiveness and adherence of patients to vaccination plans. Non-invasive routes of
Isil;l:rg:f"am" administration offer a safe and reliable solution. On these bases, three series of phospholipid vesicles were eco-
Cling film friendly developed and adequately modified to pursue cutaneous immunization. Ovalbumin was selected as the

Franz vertical cells model antigen, whereas transfersomes were chosen over liposomes because of their higher capability to cross the

Antigen presentation skin. Glycerol, sodium hyaluronate, or their combination were added to further improve their penetration, and
this led to small (<60 nm), homogenous vesicles (polydispersity index <0.2), stable for up to 9 months. The
colloidal formulations, alone or combined with occlusive strategies (achieved by cling film or hydrogel disks),
were tested on tape-stripped skin to facilitate their application in a potential real-life context. While the enriched
transfersomes alone provided better ovalbumin accumulation into the skin, the combination with cling film and
especially with the hydrogel disks boosted their performance even further (using the hydrogel disks, in the
epidermis, the ovalbumin accumulated ranged from ~30 to ~40 pg/cm? and in the dermis from ~4 to ~10 pg/
cm?). Despite the antigen-presenting assay do not show any immunogenicity for these vesicles (p > 0.05 with
respect to the ovalbumin solution tested at the same dose), they are expected to perform better than the oval-
bumin solution due to the protection and the enhanced skin deposition they provide. In addition, all the for-
mulations can be safely administered as they are highly biocompatible in a wide range of doses (>100 % from
0.05 to 50 pg/mL of ovalbumin) and do not exert any inflammatory response. However, further studies are
needed to confirm these promising preliminary results.
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1. Introduction

Vaccination represents one of the most significant discoveries in
public health and thus one of the brightest chapters of human history,
but it took a long time to catch on [1]. Historically speaking, it derives
from a practice called “variolation” that spread across Africa, Asia,
China, and the Ottoman Empire way before the 18th century, reaching
Europe only at a later stage [2]. Fundamentally, it comprised the inoc-
ulation of small amounts of organic material into the skin, gathered from
individuals who had contracted a disease, to prevent its onset [3]. The
most famous case of variolation in Europe was related to smallpox and
represents the foundation that ultimately led to the discovery of modern
vaccination. Indeed, although variolation offered a pathway to establish
robust immunity, the outcomes were unpredictable, making people
either suffering from the disease they were supposed to avoid with the
inoculation or even dying [4]. Only in 1798 did Edward Jenner manage
to solve these problems with the inoculation of cowpox instead of
smallpox, achieving the same effectiveness but with lower risks [2].
Since “cowpox” in Latin is “vaccinia”, this injective procedure was
renamed “vaccination” [4]. Nowadays, despite more than two centuries
having passed since the first vaccination performed by Jenner, vaccines
still rely on the injection of antigenic material into the human body,
either intramuscularly, subcutaneously, or intradermally. As well
known, several disadvantages are related to these invasive administra-
tion routes, such as pain, injuries, and fear, not to mention the high costs
due to the disposal of the needles and the personnel training [5-9].
Considering these limitations, industries and researchers are now deeply
committed to uncovering a solution. Non-invasive administration has
emerged as an appealing strategy for mass vaccination and skin, which is
easily accessible and hosts an immunologically rich environment, has
gained importance once again [10]. Indeed, offering the possibility to
elicit humoral, cellular, and even mucosal immune responses, it holds
the potential to extend the application of conventional vaccines while
allowing for dose reduction and improved complacency [11]. Unfortu-
nately, the stratum corneum acts as the main skin physical barrier,
making this route challenging to pursue [12]. Nanocarriers, due to their
extremely small size, can improve the stratum corneum penetration
making this route feasible [13]. Among the systems more frequently
used, liposomes have found applications in several fields of modern
medicine and are now exploited as powerful tools even in immunology
[14,15]. The key to their success is mainly related to their lipidic,
cell-like membrane structure surrounding an inner aqueous core, which
allows them 1) to load hydrophilic, lipophilic, and even amphiphilic
compounds, protecting them from degradation and the organism from
its toxicity; 2) to be biocompatible and biodegradable due to their
membrane composition; and 3) to allow the selective delivery to the
targeted cell or tissue [16-23]. However, since the capability of con-
ventional liposomes to cross the skin is limited, modified and improved
vesicles have been developed [24]. Ultradeformable vesicles like
transfersomes, for example, can increase the cutaneous penetration and
retention of drugs after topical application, interacting with the skin
temporarily and reversibly without generating any structural damage
[25]. On these bases, Tyagi and colleagues developed a vaccine based on
transfersomes successfully achieving immunization against a surface
antigen of Plasmodium falciparum [26]. Rattanapak and co-workers,
instead, undertook a comparative study of different nanocarriers
(including transfersomes) under occlusive conditions, as these are
believed to further increase skin penetration [27]. Lastly, Zhang et al.
prepared antigen-loaded transfersomes and dispersed them in a
PBS-ethanol gel to facilitate vaccine administration [28].

Bearing all these findings in mind, in the present study, trans-
fersomes were developed and properly enriched with glycerol and/or
hyaluronic acid to favour skin deposition of ovalbumin, which was
loaded as a model antigen [29,30]. Tape-stripped skin was used in the in
vitro studies because tape-stripping has been proven in vivo to enhance
the production and release of cytokines, co-stimulatory molecules, and
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both humoral and cellular immune responses against peptide and DNA
antigens upon topical application [31-33]. The carriers were directly
applied upon non-occlusive or occlusive conditions or, alternatively, in
enriched transfersome-imbibed hydrogel disks in order to achieve a
proper cutaneous deposition of ovalbumin and to address one of the
main drawbacks of colloidal systems: their permanence and adherence
to the skin once applied. For the first time, the performances of water
cosolvent-enriched transfersomes, applied in a non-occlusive or occlu-
sive manner or imbibed into hydrogel disks, were compared to assess
their efficacy in promoting the cutaneous deposition and retention of the
model antigen. To conclude, their biocompatibility was evaluated on
fibroblasts. A preliminary in vitro study of antigen presentation and in-
flammatory response was also performed using murine bone
marrow-derived dendritic cells and human monocyte-derived
macrophages.

2. Materials and methods

Lipoid S75 (phosphatidylcholine content: approximately 70 %) was
purchased from AVG srl (Milan, Italy), whereas glycerol and sodium
hyaluronate were sourced from Galeno (Carmignano, Italy). Vivaspin®
2 centrifugal concentrators (molecular weight cut-off: 100 kDa), Corn-
ing® syringe filters (cellulose acetate membrane, surfactant-free,
diameter 28 mm, pore size 0.2 pm), ovalbumin (Grade VI, >98 %,
Molecular Weight 45 kDa), sodium deoxycholate and all the other re-
agents of analytical grade were purchased from Sigma-Aldrich (Milan,
Italy). Ultra-purified water (Milli-Q water) was obtained from a Milli-Q
R4 system (Millipore, Italy) and used throughout the studies.

2.1. Preparation and purification of ovalbumin-encapsulated
transfersomes

Ovalbumin-encapsulated transfersomes were eco-friendly produced
by direct sonication, avoiding the use of organic solvent [34,35]. Spe-
cifically, Lipoid S75 (60 mg/mL), sodium deoxycholate (5 mg/mL), and
ovalbumin (5 mg/mL) were dispersed in freshly prepared 0.9 % (w/v)
saline (2 mL) containing glycerol (10 % w/v) or sodium hyaluronate
(0.1 % w/v) or their combination at the same concentrations (Table 1).
All the dispersions were sonicated four times (4 s on, 2 s off, 5 cycles, 14
pm amplitude) with a 5-min pause between each repetition to prevent
overheating. Vivaspin® 2 centrifuge separators were used to remove the
unencapsulated ovalbumin [36]. All the formulations were sterilized by
filtration through Corning® syringe filters (pore size 0.2 pm) under a
laminar flow hood and stored at 4 °C under vacuum in previously
autoclaved vials.

2.2. Characterization of ovalbumin-encapsulated transfersomes

2.2.1. Morphological analysis

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. Vitrification was then
performed on the film 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. The obtained vitreous film was then transferred using a Gatan
cryo-transfer (Gatan, Pleasanton, CA, US) to a Tecnai F20 TEM (FEI
Company), and images of the samples were acquired at 200 kV, —175 °C
and in low-dose imaging mode with a 4096 x 4096 pixel CCD Eagle
camera (FEI Company) [37].

2.2.2. Physico-chemical properties

The Zetasizer Ultra (Malvern Instruments, Worcestershire, UK) was
used to assess the mean diameter, polydispersity index, and zeta po-
tential of the enriched transfersomes. The mean diameter (or average
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Table 1

Journal of Drug Delivery Science and Technology 102 (2024) 106399

Qualitative and quantitative composition of ovalbumin-encapsulated enriched transfersomes.

Lipoid S75 (mg/ Sodium deoxycholate (mg/

Ovalbumin (mg/

Sodium hyaluronate (% Glycerol (% w/ Saline solution

mL) mL) mL) w/V) V) (mL)
Glycerol-transfersomes 60 5 5 - 10 1
Hyaluronan-transfersomes 60 5 5 0.1 - 1
Glycerohyaluronan- 60 5 5 0.1 10 1

transfersomes

hydrodynamic diameter) of vesicles and polydispersity index, which is
the width of their size distribution, were determined on the basis of
dynamic light scattering. This non-invasive technique measures the in-
tensity fluctuations of the light scattered by particles in suspension,
allowing to calculate the velocity of their Brownian motion and thus
their size according to the Stokes-Einstein relation. Zeta potential, which
represents a measure of the extent of electrostatic repulsion or attraction
between particles, was determined by measuring the electrophoretic
light scattering as it relates the velocity of the particles towards the
oppositely charged electrode (electrophoretic mobility) to their net
charge. Sample preparation before analysis was carried out in a sterile
environment under a laminar flow hood. All samples were measured at a
scattering angle of 175° (back-scatter) [38]. Before the analysis, all
samples were diluted with water to obtain optically clear dispersions,
thereby avoiding attenuation of the laser beam and reducing detectable
scattered light, in accordance with the producer’s recommendations
[39]. Different dilutions (from 1:10 to 1:1000) were preliminarily
tested; following the intelligent data quality advice provided by the ZX
software, the 1:100 dilution was selected for the experiments, as it
ensured more adequate count rates and reproducibility.

2.2.3. Long term stability

Sterilized formulations 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 (Mal-
vern Instruments, Worcestershire, UK) at regular intervals for 9 months
in order to detect any variation. Sterility was maintained throughout the
assessment, working under a laminar flow hood.

2.2.4. Stability after freeze-thawing and freeze-drying

Mean diameter and polydispersity index were measured with the
Zetasizer Ultra (Malvern Instruments, Worcestershire, UK) after freeze-
thawing and freeze-drying to evaluate their stability during these
processes.

2.2.5. Encapsulation efficiency

Vivaspin® 2 centrifugal separators were used to separate the unen-
capsulated ovalbumin from vesicle dispersions. Each enriched trans-
fersome was diluted (1:10 v/v) in its respective media to achieve a
concentration of 6 mg/mL of Lipoid S75 and 0.5 mg/mL of ovalbumin,
transferred in the centrifugal separators and centrifuged at 1000 rpm for
2 h, at 25 °C, using a centrifuge equipped with swing bucket rotor. The
free ovalbumin was collected from the purification filtrates and
analyzed with the bicinchoninic acid protein assay kit (Novagen®) [40].
According to the manufacturer’s instructions, the absorbance was
measured at A = 562 nm with a UV spectrophotometer (Lambda 25,
PerkinElmer, Milan, Italy). All experiments were performed in triplicate.

2.3. Preparation and characterization of hydrogel disks

Hydrogel was prepared by dispersing polyvinyl alcohol (10 % w/v)
in Milli-Q water and sonicating system (4 s on, 2 s off, 90 cycles, 14 ym
amplitude) to obtain a clear dispersion and avoid bubble formation.
Aliquots (300 pL) of dispersions were poured into each well of a 24-well
plate, frozen at —20 °C for 16 h, and thawed for 8 h (freeze-thawed).
After two freeze-thaw cycles, samples were freeze-dried at 0.5 mBar for

8 h after freezing samples (—20 °C) overnight with no additional sec-
ondary drying. Finally, all hydrogels were cut round with a chisel
(hydrogel disks).

2.3.1. Swelling ratio and imbibition time of hydrogel disks

The ability of the hydrogel disks to capture water (swelling) over
time was measured as a function of weight changes. Therefore, the
freeze-dried hydrogel disks (n = 3) were weighted on an analytical
balance, submerged in an excess of water (9 mL), and, at each time point
0.5, 1, 2, 3, 4, 6, and 8 h), 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 sub-
mersion in water [41].

2.3.2. Loading of labeled ovalbumin dispersions into hydrogel disks and
analysis of their contents

Freeze-dried hydrogel disks (n = 3) were hydrated with 300 pL of
labeled ovalbumin in solution or encapsulated in transfersomes and
incubated for 3 and 12 h 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 s on, 2 s off, 40 cycles, 14 p 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
labeled ovalbumin from the enriched transfersomes. A centrifugation
cycle (4000 rpm, 10 min, 25 °C) was performed in order to deposit any
debris before reading the fluorescence of the supernatant (190 pL) with a
plate reader (Lambda 25, PerkinElmer, Milan, Italy).

2.4. Invitro characterization of ovalbumin-encapsulated transfersomes

2.4.1. Penetration studies

To facilitate the quantification of ovalbumin content and deposition
in the deepest skin layers (epidermis and dermis), it was conjugated with
fluorescein isothiocyanate according to the protocol developed by
Ahmed et al. and the enriched transfersomes were prepared by replacing
ovalbumin with the labeled ovalbumin [42].

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 magnetic stirring (300 rpm). The
excised dorsal skin of one-day-old pigs (~1.5 kg) dead from natural
causes, provided by a local slaughterhouse, were defrosted, stripped to
remove stratum corneum by adhesive tape Tesa® AG (Hamburg, Ger-
many) (n = 10 strips) and sandwiched between the donor and receptor
compartments of the cells. To evaluate the integrity of the skin, 1 mL of
phenol red solution (0.5 mg/mL) was applied onto the skin surface in the
donor compartment and quantified in the receptor compartment spec-
trophotometrically [43]. For the penetration studies, the receptor
compartment was filled with saline solution (5.5 mL) avoiding any
bubble formation, and the skin specimens (n = 6 per formulation) were
left to equilibrate at 37 + 1 °C in this solution overnight. 100 pL of
labeled ovalbumin (corresponding to 500 pg of labeled ovalbumin), in
solution or encapsulated in the enriched transfersomes, was applied
onto the skin specimen in non-occlusive or occlusive conditions, the
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latter achieved with cling film. Alternatively, the hydrogel disks previ-
ously imbibed with the same samples were also applied to the skin. To
detect autofluorescence, labeled ovalbumin was replaced by saline so-
lution (100 pL), and skin specimens treated under the same conditions
(non-occlusive or occlusive conditions achieved by cling film or
hydrogel disks) were used as control. The Franz cells were covered with
tin foil to avoid direct exposure to light. Every 2 h, the saline solution
was withdrawn and replaced by a new medium to mimic the sink con-
ditions. Experiments were conducted for 4 and 8 h, and, in the end, the
epidermis and dermis were severed and sliced using a surgical scalpel.
As reported elsewhere, this type of separation is suitable for any situa-
tion, and it is made possible by the difference in the visual aspects of the
two layers (the epidermis is dark while the dermis is white) [44,45].
Severed and sliced epidermis and dermis were 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 labeled ovalbumin. The
resulting solution was filtered with syringe filters (Corning® pore size
0.2 pm), and the ovalbumin was fluorescently quantified (excitation:
495 nm; emission: 520 nm) with a multiple reader (Lambda 25, Perki-
nElmer, Milan, Italy).

2.5. Biocompatibility assay

Fibroblasts L929 cells were grown in monolayers under standard
conditions (37 °C, humidified, 5 % COs), using Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with foetal bovine serum (10 %
v/v), penicillin (100 U/mL), and streptomycin (100 pg/mL). Biocom-
patibility assay was carried out according to the in vitro methods for
cytotoxicity assessment included in ISO 10993-5 [46]. Briefly, fibroblast
1.929 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 h. The
complete medium was then replaced with medium-diluted formulations
(glycerol-transfersomes, hyaluronan-transfersomes, and glycerohyalur
onan-transfersomes) or ovalbumin solution at different ovalbumin
concentrations (0.05, 0.5, 50, and 500 pg/mL). After an additional in-
cubation period (24 h), 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 was determined for each
concentration tested after crystals dissolution in DMSO and compared to
that determined in culture controls. The absorbance was read at 570 nm
with a microplate reader (Lambda 25, PerkinElmer, Milan, Italy).

2.6. Culturing of bone marrow-derived dendritic cells and B3Z cells

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. The experiments
were performed following the EU Directive 2010/63/EU for animal
experiments and were authorized by the Italian Ministry of Health with
the authorization number 7E58D.12 released on 5-20-2020. 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
pM 2-mercaptoethanol. After 8 days, immature dendritic cells were
collected and used in the antigen presentation assay.

B3Z cells (OT-I hybridoma line) were used as they specifically
recognize the ovalbumin octapeptide (257-264) SIINFEKL exposed on
the major histocompatibility complex I (MHC I) of the surface of den-
dritic 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
% non-essential amino acids, 1 % sodium pyruvate and 50 pM 2-
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mercaptoethanol) and co-cultured with bone marrow-derived den-
dritic cells for the antigen presentation assay [47].

2.6.1. Antigen presentation assay and interleukin-2 detection

Bone marrow-derived dendritic cells (1 x 10%/mL) were incubated
overnight with different concentrations of ovalbumin in solution or
loaded in the enriched transfersomes (1-5 pg/mL). A blank control was
made incubating cells with only medium. Subsequently, the bone
marrow-derived dendritic cells were co-cultured with B3Z cells (OT-I
hybridoma line, 5 x 105/well) for 40 h, 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 was analyzed in duplicate using a mouse IL-2
ELISA MAX Standard kit in two independent experiments, according
to the manufacturer’s instructions.

2.7. Human monocyte isolation and culturing of monocyte-derived
macrophages

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 the isolation
of monocytes by CD14 positive selection according to the manufac-
turer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany).
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
pg/mL of gentamicin sulfate, 5 % heat-inactivated human AB serum, and
10 ng/mL of human recombinant M-CSF. Differentiation in macro-
phages was achieved by incubating cells at 37 °C in 5 % CO; for 7 days
and replacing the medium every 3 days.

2.8. Biocorona formation on transfersome surface

Before the stimulation of monocyte-derived macrophages, glycerol-
transfersomes, hyaluronan-transfersomes, and glycerohyaluronan-
transfersomes were admixed 1:1 (v/v) with heat-inactivated serum
and incubated for 1 h 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, and their concentration was
adjusted to the desired values for each treatment based on the amount of
ovalbumin.

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

Monocyte-derived macrophages were incubated overnight with
different concentrations of ovalbumin in solution or loaded in enriched
transfersomes (0.2, 1, and 5 pg/mlL, final concentrations). Incubation
with only medium and medium-diluted lipopolysaccharide (10 ng/ml)
were used as negative and positive control, respectively. At the end of
the experiments, supernatants were collected, centrifuged, and frozen at
—80 °C before cytokine analysis. The amount of tumor necrosis factor-a
in the culture supernatants was measured by a human TNF-a ELISA kit
using a MultiScan FC reader (ThermoScientific), according to the man-
ufacturer’s instructions. Results are reported as mean =+ standard devi-
ation of values from 2 replicate samples from the same donor.

2.9.1. Statistical analysis of data

Results are expressed as the mean =+ standard deviation. Statistically
significant differences among samples were determined by using vari-
ance analysis. The post-hoc Tukey-Kramer t-test was used to substantiate
significant differences between the means of two specific groups. The
statistical analysis was performed using the Excel software package
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(Microsoft Corp, Redmond, USA) equipped with a tool for statistical
analysis. The minimum level of significance chosen was p < 0.05.

3. Results
3.1. Characterization of ovalbumin-encapsulated enriched transfersomes

The mean diameter, polydispersity index, zeta potential, and
entrapment efficiency of ovalbumin-encapsulated enriched trans-
fersomes were measured (Table 2). All the vesicles were sized <60 nm
and homogeneously dispersed, as the polydispersity index was ~0.2.
Hyaluronan-transfersomes had a slightly larger mean diameter (~57
nm) than glycerol-transfersomes and glycerohyaluronan-transfersomes.
The larger diameter of hyaluronan-transfersomes might be due to the
electrostatic and hydrophobic interactions that occur between phos-
phatidylcholine and hyaluronic acid, as reported elsewhere [48]. On the
other hand, the addition of glycerol to the mixture is well known to
increase deformability and flexibility, which might be partially
responsible for the formation of smaller vesicles thus masking the
interaction effect between phosphatidylcholine and hyaluronic acid
[49]. The differences were also confirmed by cryogenic electron mi-
croscopy (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 strongly
negative zeta potential (~-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. The strong negative charge
on the transfersome surface was likely due to S75, which is a mixture of
phosphatidylcholine, negatively charged phospholipids, and fatty acids
[20]. A strong negative charge, < - 30 mV, and a narrow polydispersity
index, <0.3, are believed to provide safer, and more stable and efficient
nanocarriers [50,51].

Variations of mean diameter, polydispersity index, and zeta potential
were monitored over time, every 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 to add any preservative or stabilizer
(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-trans-
fersomes 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 significant variations
over time, remaining constant (~-32 mV, p > 0.05 among the values of
each sample).

Table 2

Mean diameter (MD), polydispersity index (PI), zeta potential (ZP), and
entrapment efficiency (EE) of ovalbumin-encapsulated enriched transfersomes.
The same symbols (*, °, A,#) indicate values that are not statistically different (p
> 0.05), while different symbols indicate significant differences (p < 0.05).
Mean values + standard deviations, obtained from at least 3 measurements, are

reported.

MD PI ZP (mV) EE (%)
(nm)
Glycerol-transfersomes 50 + 1* 0.21 + —-29 + 65 +
0.01° 2 7*
Hyaluronan-transfersomes 57 + 2% 0.22 + —34 + 61 +
0.01° 9 6*
Glycerohyaluronan- 49 + 3* 0.20 + —-30 + 64 +
transfersomes 0.01° 6 5%
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3.2. Stability of transfersomes after freeze-thawing and freeze-drying

Since the enriched transfersomes were intended to be loaded into
hydrogel disks, their stability was evaluated after freeze-thawing and
freeze-drying, 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 in 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 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, the mean diameter changed
again, especially that of glycerol-transfersomes (from ~70 to ~370 nm),
while glycerohyaluronan-transfersomes underwent less variation (from
~98 to ~192 nm). The polydispersity index of glycerol-transfersomes
and glycerohyaluronan-transfersomes changed drastically from initial
values of ~0.20 to final values of ~0.38, whereas that of hyaluronan-
transfersomes remained unchanged (~0.23) indicating that the newly
arranged vesicles were homogeneously dispersed.

Overall, freeze-thawing and freeze-drying strongly affected the
physicochemical properties of all the enriched transfersomes. Conse-
quently, hydrogel disks were imbibed with the enriched transfersomes
only after they had been prepared by freeze-thawing and freeze-drying.

3.3. Characterization of hydrogel disks and imbibition with ovalbumin in
solution or encapsulated in enriched transfersomes

Since the preparation steps of the hydrogels (freeze-thaw and freeze-
dry) had a strong negative impact on the physicochemical properties of
the enriched transfersomes (Fig. 3), empty freeze-dried hydrogel disks
were firstly prepared and after imbibed with formulations. Their ability
to capture water was evaluated to identify the imbibition time, and the
swelling ratio at different time points (0.5, 1, 2, 3, 4, 6, and 8 h) was
calculated (Table 3). The time needed to reach the equilibrium was
found allowing to select the minimum incubation time needed to imbibe
the hydrogel disks (minimum imbibition time) completely. After sub-
merging the freeze-dried hydrogel disks in water for 0.5 h, their swelling
ratio hugely increased up to ~391 % compared to the initial value
(Table 3). Subsequent increases were detected at 1, 2, and 3 h. From 3 h
onwards, there were no statistical differences among the swelling ratios
(~418 %, p > 0.05 between the values at 3, 4, 6, and 8 h). Consequently,
3 h 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.

To confirm the effectiveness of the minimum imbibition time, empty
freeze-dried hydrogels were allowed to imbibe with labeled ovalbumin
in solution or encapsulated in transfersomes for 3 or 12 h. The amount of
ovalbumin was quantified (Table 4). No statistical differences were
found in the ovalbumin content among the hydrogel disks with respect
to the time points (3 or 12 h) or the formulations tested (solution,
glycerol-transfersomes, hyaluronan-transfersomes or glycerohyalur
onan-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 h were enough to achieve the
complete imbibition of the hydrogel disks also with the labeled oval-
bumin in solution or encapsulated in the enriched transfersomes.

3.4. In vitro penetration studies

The capability of labeled ovalbumin (500 pg) in solution or encap-
sulated in enriched transfersomes to penetrate in the tape-stripped skin
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Fig. 1. Representative cryogenic transmission electron microscopy images of glycerol-transfersomes (A), hyaluronan-transfersomes (B), and glycerohyaluronan-
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was evaluated in vitro using vertical Franz cells and calculating the
amount of antigen accumulated in the epidermis and dermis at 4 and 8 h
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 h) and sensibly lower, ~0.5 pg/cm? in the dermis (p >
0.05 between values at 4 and 8 h). After application of glycerol-
transfersomes in the same condition, the deposition was comparable,
especially at 4 h. 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 h using the 2
formulations), and ~1 pg/cm? in the dermis (p > 0.05 among the values
at 4 and 8 h using the 2 formulations), thus indicating that the accu-
mulation of ovalbumin in these skin layers was not influenced by time
but only by the formulation used.

By contrast, when ovalbumin formulations were applied under
occlusive conditions (cling film), the accumulation was time and

formulation-dependent. The solution achieved the lowest accumulation
in the epidermis, ~7 pg/cm2 (p > 0.05 between the values at 4 and 8 h).
Higher accumulations were achieved by transfersomes, with the highest
value, ~22 pg/cm? (p > 0.05 versus the values obtained solution and
glycerol-transfersomes) provided by hyaluronan-transfersomes at 8 h
and glycerohyaluronan-transfersomes at 4 and 8 h. In the dermis, the
benefits associated with the occlusive application were significantly
visible at 4 and 8 h for all the formulations with respect to the non-
occlusive application. Therefore, the occlusive approach significantly
enhanced the antigen deposition in this deeper skin layer as the oval-
bumin accumulated at 8 h was ~2 pg/cm? using the solution, ~3 pg/
em? using glycerol-transfersomes, ~5 pg/cm? using hyaluronan-
transfersomes and ~7 pg/cm? using glycerohyaluronan-transfersomes.

Considering the promise demonstrated by the occlusive condition
(cling film), the labeled ovalbumin (~330 pg) in solution or encapsu-
lated in enriched transfersomes was loaded into polyvinyl alcohol
hydrogel disks (imbibed hydrogel disks) to enable a comparison with the
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Table 3

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 h). The same
symbols (°, D) indicate values that are not statistically different (p > 0.05), while
different symbols indicate significant differences (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
Swelling 391 405 403 420 418 417 421
ratio (%) +2 +2° +2° + 40 +20 +20 + 40

@ Attainment of the equilibrium of swelling and the minimum imbibition time.

Table 4

Ovalbumin content (%) of imbibed hydrogel disks after 3 and 12 h of swelling in
the presence of ovalbumin in solution or encapsulated in enriched trans-
fersomes. The same symbols (°) indicate values that are not statistically different
(p > 0.05), while different symbols indicate significant differences (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° 2142
Hyaluronan-transfersomes 21 +3° 24+4
Glycerohyaluronan-transfersomes 24 +4° 22 +2°

occlusive condition after application of the disks for 4 and 8 h on tape-
stripped skin (Fig. 5). With respect to the occlusive conditions (cling
film), the antigen deposition was greatly improved, at 8 h, by using the
imbibed disks likely due to the better adhesion they provide to the skin.
The accumulation achieved by the labeled ovalbumin solution imbibed
disks was ~9 pg/cm? (p < 0.05 versus values obtained using the oval-
bumin solution with cling film) at 4 h, and it doubled (~18 pg/cmz) at8

h, confirming the ability of the hydrogel disks to improve the payload
deposition. The antigen deposition was further improved by combining
the hydrogel disks and enriched transfersomes. In particular,
transfersome-imbibed disks ensured the highest ovalbumin accumula-
tion at 8 h in the epidermis, ~35 pg/cm? (p > 0.05 among the values
obtained at 8 h using the three transfersome-imbibed disks and p < 0.05
versus values obtained at 4 and 8 h applying the solution-imbibed disks).
At 4 h 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 h applying the disks imbibed with
glycerol-transfersomes and hyaluronan-transfersomes). In the dermis,
the highest deposition at 8 h, ~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 pg/
cm? (p < 0.05 between the 2 values). They were, therefore, less effective
than hyaluronan-transfersomes and glycerohyaluronan-transfersomes.

3.5. In vitro biocompatibility

The biocompatibility of ovalbumin in solution or encapsulated in
enriched transfersomes was tested on the L929 fibroblast cell line
(Fig. 6). After 24 h 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 oval-
bumin 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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3.6. In vitro production of cytokines

The ability of ovalbumin (5 or 1 pg/mL), in solution or encapsulated
in enriched transfersomes, to activate adaptive immunity was evaluated
by measuring the production of interleukin-2 by B3Z cells co-cultured
with bone marrow-derived dendritic cells preincubated with the
described formulations (Fig. 7). The interleukin-2 produced by B3Z co-
cultured with dendritic cells-incubated with medium (negative control)
was ~10 pg/mlL, irrespective to the dose used, indicating the basal
production from these cells. When the cells were incubated with

ovalbumin (5 or 1 pg/mL), 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 antigen
presentation irrespective to the used formulation. Similarly, while the
treatment of monocyte-derived macrophages with lipopolysaccharide
(positive control), a strong and prototypical inflammatory agent, stim-
ulated 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
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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, the ovalbumin antigen
was engulfed and presented at a low extent, and no differences were
revealed for either ovalbumin-free or encapsulated, so transfersomes
displayed no adjuvanticity at the tested doses.

4. Discussion

This preliminary study aimed to develop and test advanced formula-
tions tailored for antigen accumulation in the skin, combining formu-
lating nanotechnology and physical strategies to overcome the serious
hurdles related to the hypodermic injection of vaccines [52]. For this
reason, transfersomes, which are ultra-deformable vesicles capable of
carrying antigens and drugs across the skin and protecting them from
environmental stress, were selected as carriers [53-55]. Lipoid S75, a
commercial mixture of phosphatidylcholine, and sodium deoxycholate, a
bile salt that acts as an edge-activating surfactant, were used in the
preparation due to their skin penetration enhancing properties [56,57].
Furthermore, transfersomes were enriched with glycerol, sodium hya-
luronate, or their combination as glycerol-transfersomes, hyaluronan--
transfersomes, and glycerohyaluronan-transfersomes are expected to be
more effective than unenriched vesicles due to the hydration and lipid
fluidization properties provided by these molecules [58,59]. The results
achieved by this type of enrichment support findings from other authors
and confirm the optimal performance of the resulting vesicles in facili-
tating payload accumulation in the skin [60-63]. Ovalbumin was used as
model antigen at a high dose (5 mg/mL), and no organic solvents were
involved during the preparation of vesicles, which was performed by
direct sonication, an eco-friendly and one-step method frequently used for
drug-loaded phospholipid vesicles variously improved [64-67]. In this
respect, this study substantially differs from those performed by other
authors, which require instead solvent removal to prevent toxicity [68].

Vesicles prepared with this method were sized <60 nm, thus suitable
for skin delivery as a mean diameter <100 nm is recommended to favour
skin penetration [69,70]. Their high homogeneity (polydispersity index
~0.2) and negative superficial charge (~30 mV) ensured stability for up
to 9 months with no need for stabilizers or preservatives, which are
instead used in commercial vaccines [71,72]. This stability was superior
to that achieved by Zhang and colleagues, who prepared non-enriched
transfersomes from soy phosphatidylcholine, suggesting a beneficial
stabilizing role of hyaluronic acid and glycerol in the systems [28].

The ability of the enriched transfersomes to boost the antigen
deposition in the skin was evaluated in vitro. Only the antigen retained in
the skin was quantified as the carriers were meant to be used for local
cutaneous immunization [28]. Upon non-occlusive application, the
ovalbumin deposition in the epidermis and dermis was slightly
improved with respect to the solution but only using
hyaluronan-transfersomes and glycerohyaluronan-transfersomes. Using
instead occlusive conditions (cling film), the delivery performances of
enriched transfersomes were boosted, especially at 8 h, and
glycerohyaluronan-transfersomes proved to be the most effective car-
riers, having the best delivery capabilities. Results agree with what was
reported by Ferderber and colleagues, who demonstrated that the
amount of drug permeated and retained in the skin can be increased
using phosphatidyl choline-based nanocarriers (including trans-
fersomes) under occlusive conditions [73]. The improvement provided
by the occlusive application of enriched transfersomes is probably
related to the prevention of diffusional water loss from the skin surface,
which in turn can alter the stratum corneum function and synergize the
moisturizer properties of glycerol and hyaluronic acid as well as the
penetration enhancer properties of phosphatidylcholine and sodium
deoxycholate, ultimately promoting skin penetration [74-77].

As the occlusive condition achieved by cling film was promising,
polyvinyl alcohol hydrogel disks were exploited foreseeing an easier and
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faster application while keeping the advantages of occlusiveness.
Therefore, ad hoc hydrogel disks were successfully prepared by freeze-
thawing and freeze-drying cycles and loaded by imbibition with the
ovalbumin-encapsulated enriched vesicles or in solution. Disks were
imbibed as high as 22 % of the ovalbumin left swelling (300 pL) irre-
spective of the formulation, thus reaching values commonly reported
[78]. Although the dose of ovalbumin applied using transfersomes
imbibed disks was lower (~330 pg) than that used with transfersomes
applied in an occlusive manner by cling film (500 pg), it is important to
highlight that yet at 4 h, disks imbibed with enriched transfersomes
were as effective as occlusive conditions in favouring the accumulation
of ovalbumin. At 8 h, they were even more effective, emphasizing the
suitability of the combination of enriched transfersomes (especially
those containing glycerol and hyaluronan) and polyvinyl alcohol disks
for antigen deposition in the epidermis and dermis. This effect may be
related to the occlusive or semi-occlusive dressing created by the poly-
vinyl alcohol disks, which grants higher adherence to the skin syner-
gizing with the effect of the vesicle components [79,80]. Results are in
fair agreement with those obtained by other authors who exploited
hydrogel formulations to promote the penetration of antigenic proteins
into the skin or other medications [81,82].

Biocompatibility and immune response were assessed to complete
the in vitro evaluation of the prepared systems. Biocompatibility was
tested using fibroblasts as representative cells of the skin. According to
previous studies, all the formulations, including ovalbumin solution,
were highly biocompatible (cell viability >100 %) up to 50 pg/mL [83,
84]. Since formulations were developed for skin immunization, their
ability to stimulate some of the most representative antigen-presenting
cells resident in the skin (ie., dendritic cells and macrophages) was
evaluated in vitro. Interleukin-2 production was assessed as a measure of
effective antigen presentation by ovalbumin-specific T cells in a model
of response with dendritic cells, while the production of tumour necrosis
factor-a was assessed as a measure of inflammatory response mounted
by macrophages. On the bright side, no inflammatory response was
detected at any dose tested of ovalbumin in solution or encapsulated in
enriched transfersomes, confirming the safety of these carriers for a
vaccine formulation. Unfortunately, no in vitro immune response stim-
ulation was detected after incubation with ovalbumin in solution or
encapsulated in transfersomes. However, as stated by Wang and col-
leagues, vesicles might be further enriched with molecules having
intrinsic or specific adjuvanticity, such as squalene, saponins, or toll-like
receptor agonists (e.g., MPLA and CpG ODN), to boost or modulate
immune responses providing the same phospholipid vesicles with
adjuvanticity [85]. Despite that, the prepared systems, especially
glycerohyaluronan-transfersomes imbibed disks, appeared to be optimal
carriers capable of modulating and boosting the accumulation of oval-
bumin in the skin with respect to the solution, as confirmed by the
penetration studies. Consequently, an enhanced activation of the den-
dritic cells might be expected in vivo due to a facilitated exposure to the
antigen.

5. Conclusions

In this preliminary study, it was demonstrated that enriched trans-
fersomes (i.e., glycerol-transfersomes, hyaluronan-transfersomes, and
glycerohyaluronan-transfersomes) can stably encapsulate ovalbumin, a
model antigen, in high dose (5 mg/mL) and can be easily manufactured
using an environmentally friendly method involving the direct soni-
cation of the components. All the vesicles had a size suitable for skin
penetration (<60 nm), were stable for up to 9 months, and were highly
biocompatible (cell viability >100 %). Additionally, they can be used to
imbibe dried disks of polyvinyl alcohol hydrogel, creating innovative
and advanced systems to facilitate the formulation’s application on the
skin, anticipating real-life applicability. The prepared imbibed disks,
especially those imbibed with glycerohyaluronan-transfersomes,
enhanced antigen deposition in the epidermis and dermis, where the
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antigen may stimulate an immune response. To the best of our knowl-
edge, this is the first time that these hydrogel disks were imbibed with
enriched transfersomes, yielding promising results in antigen accumu-
lation in the skin. Nonetheless, since clinical translation might be
challenging, different skin specimens (i.e., human skin) might be used in
the attempt to reduce intra-species variability. Moving even further, in
vivo studies, possibly after association with an adjuvant, will also be
essential to support, extend, and confirm skin immunization. All in all,
future studies will be essential in confirming the viability of this
approach in a real-world context.
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