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Abstract: Ethosomes® are one of the main deformable vesicles proposed to overcome the stratum
corneum. They are composed of lecithin, ethanol and water, resulting in round vesicles characterized
by a narrow size distribution and a negative surface charge. Taking into account their efficiency to
deliver drugs into deeper skin layers, the current study was designed to evaluate the influence of
different lipids on the physico-chemical features of traditional ethosomes in the attempt to influence
their fate. Three lipids (DOPE, DSPE and DOTAP) were used for the study, but only DOTAP conferred
a net positive charge to ethosomes, maintaining a narrow mean size lower than 300 nm and a good
polydispersity index. Stability and in vitro cytotoxic studies have been performed using Turbiscan
Lab analysis and MTT dye exclusion assay, respectively. Data recorded demonstrated the good
stability of modified ethosomes and a reasonable absence of cell mortality when applied to human
keratinocytes, NCTC 2544, which are used as a cell model. Finally, the best formulations were
selected to evaluate their ability to encapsulate drugs, through the use of model compounds. Cationic
ethosomes encapsulated oil red o and rhodamine b in amounts comparable to those recorded from
conventional ethosomes (over 50%). Results recorded from this study are encouraging as cationic
ethosomes may open new opportunities for skin delivery.

Keywords: ethosomes; cationic ethosomes; drug delivery systems; surface charge; cutaneous admin-
istration

1. Introduction

Over the last few decades, there has been a growing interest in the transcutaneous
delivery of active compounds [1-3]. The reason for this interest is mainly related to the
numerous advantages offered by this route of administration over traditional oral adminis-
tration, such as avoiding hepatic first pass metabolism, low risk of systemic side-effects,
easy accessibility, and an increase in patient compliance [4]. Although the transcutaneous
delivery of active compounds offers many advantages, several drugs are difficult to pass
through the main skin barrier, i.e., stratum corneum, due to their chemical-physical proper-
ties [5]. For this reason, different strategies have been proposed to improve the permeation
of active compounds through the skin barrier, including the use of chemical penetration
enhancers, microneedles, laser ablation, and ultrasounds [6-8]. Among all of these, the use
of nanosized carriers for cutaneous delivery of drugs seems to offer the best advantages in
terms of efficacy and safety of treatment [9,10]. Liposomes are the first proposed nanosized
carriers; they are made of biodegradable phospholipids and they are able to deliver both
hydrophobic and hydrophilic drugs [11,12]. However, due to their rigid structure, they
showed some limits to deliver active compounds into the deeper skin layers [13]. Soon after,
it was discovered that the addition of a small amount of so-called “chemical permeation
enhancers” in the structure of conventional liposomes led to the realization of deformable
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vesicles that were able to more easily permeate through skin layers [14]. Ethosomes®,

first introduced by Touitou et al. [15] are one of the main known deformable systems
for topical use. Ethanol, present in small quantities in their structure, acts as permeation
enhancer, reversibly modifying the skin structure [16] to facilitate the passage of active
compounds through skin. In detail, Touitou et al. demonstrated that using greater amounts
of ethanol during the preparation of the sample, the realization of micellar systems can
occur, but in the case of amounts lower than 50% w/v, the vesicular bilayered structure
was retained [15].

Although deformable vesicles have been shown to be able to increase the transcu-
taneous penetration of drugs both in vitro and in vivo [17-20], the influence of surface
charge modifications on permeation still represents an open question [20-22]. Indeed, even
if the effectiveness of negatively charged liposomal systems has already been reported
in many studies [19,23,24], other authors have assumed and demonstrated that the skin
permeation of molecules loaded in positively charged vesicles, obtained using, for example,
2-dioleoyl-3-trimethylammonium-propane (DOTAP), was greater than that recorded in the
case of negatively charged ones [25,26]. In particular, the electrostatic interaction between
positively charged vesicles with skin lipids having negative charge seemed to enhance
penetration through skin. An interesting study proposed by Jung and co-workers [27]
proved that cationic liposomes were able to reach an average relative penetration depth of
around 70% of hair follicle length. In this work, the authors obtained cationic nanosystems
made up of dimyristoylphosphatidylcholine, N-(2,3-dioleoyloxy-1-propyl) trimethylammo-
nium methyl sulfate, and cholesterol (50:10:40 mol%), able to interact with negative charge
of the hair surface by ion-exchange, reaching an high local concentration. Considering
that hair follicles can play the role of reservoir for topically applied molecules, these skin
appendages could represent a target of particular interest for transcutaneous delivery of
active molecules. For this reason, the great ability of cationic ethosomes to permeate skin
through hair follicles needs to be taken into account and further investigated.

The aforementioned hypotheses have prompted us to realize a new system having
similar composition with respect to classical ethosomes, already known as good skin perme-
ating systems. Compared to conventional ethosomes, our system contains a small amount
of cationic lipids able to confer the positive charge to the vesicular systems. Preliminary
characterization studies and the evaluation of the safety of the system have been carried
out, thus comparing the results with that obtained from ethosomal systems having a con-
ventional structure. Cationic ethosomes showed suitable properties for topical cutaneous
administration, a comparable encapsulation efficiency for model compounds with that
recorded from conventional ethosomes. Moreover, they presented good stability over time
and great safety properties both in vitro and in vivo.

For these reasons, the new realized cationic systems appear to be promising for
carrying out further permeation studies aimed at elucidating the influence of positively
charged surfaces on permeation in deeper skin layers or specific cutaneous compartment,
such as follicles, in comparison with the already known ethosomal vesicles.

2. Materials and Methods
2.1. Materials

Phosphatidylcholine (Phospholipon® 90 G, PLI0G) was supplied by Lipoid GmbH
(Ludwigshafen, Germany); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-Distearoyl-sn-glycero-3-phosph-
orylethanolamine (DSPE) were purchased from Avanti Polar Lipids. NCTC2544 cells were
provided by Istituto Zooprofilattico di Modena e Reggio Emilia (Reggio Emilia, Italy). Dul-
becco’s Modified Eagle’s Medium (D-MEM), trypsin/EDTA (ethylenediaminoaceticacid)
solution and fetal bovine serum (FBS) were obtained from GIBCO (Invitrogen Corporation,
Milan, Italy). Solution of amphotericin B (250 ng/mL), phosphate buffer saline solution
(PBS) and 3-[4,5-dimethylthiazol-2-yl1]-3,5-diphenyltetrazolium bromide (MTT) salts were
purchased from Sigma-Aldrich (Milan, Italy). All substances and solvents (Carlo Erba,
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Milan, Italy) used for experiments were of high analytical grade and did not require further
purification processes.

2.2. Preparation of Samples

Ethosome colloidal suspension was prepared as previously described by Touitou
et al. with slight modifications [15,16], using specific lipidic mixtures (1% w/v). Briefly,
Phospholipon® 90 G was solubilized in ethanol (40% w/v) using a hermetically sealed
Pyrex® glass vial. Double distilled water (59% w/v) was added dropwise at room tempera-
ture to the lipidic solution through an injection system connected to the perforated cup of
the vial. This strategy allowed to reduce the evaporation of ethanol as much as possible.
The obtained formulation was homogenized using Ultra-Turrax T25 equipped with a 525
N-8G homogenizing probe (IKA WERKE GMBH and Co., Staufen, Germany) for 1 min
at 15,000 rpm and maintained at room temperature for 30 min before analysis. Using this
protocol, the amount of free ethanol was evaporated and structural ethanol was retained
over time. Table 1 shows the lipid composition of the different ethosomal formulations
realized for this study. Conventional ethosomes, made of only Phospholipon® 90 G (PL
90 G, 1% w/v), ethanol (40% w/v) and water (59% w/v), were obtained (formulation A) and
used as control. Ethosomes having different lipidic composition (1% w/v) were prepared
using a mixture of PL 90 G and other lipids, having positive charges in their structure
(DOPE, DOTAP or DSPE), at different molar ratios (formulations B-M).

Table 1. Lipid composition of different ethosomal formulations prepared for the study.

. Lipid Composition
Formulation
Lipidic Mixture Molar Ratio

A PL90G ! -

B PL90G:DSPE 2 10:1
C PL90G:DOPE 3 10:1
D PL90G:DOTAP 4 10:1
E PL90G:DOTAP 10:2
F PL90G:DOTAP 10:3
G PL90G:DOTAP 10:4
H PL90G:DOTAP 10:5
I PL90G:DOTAP 10:0.5
] PL90G:DOTAP 10:0.4
K PL90G:DOTAP 10:0.3
L PL90G:DOTAP 10:0.2
M PL90G:DOTAP 10:0.1

I Phospholipon® 90 G. 2 1,2-Distearoyl-sn-glycero-3-phosphorylethanolamine. 2 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine. 4 1,2-Dioleoyl-3-trimethylammonium-propane.

To achieve probe-loaded vesicles, 100 ug/mL of rhodamine, red oil and bromophe-
nol blue salt were added during the preparation of samples and respectively used as
hydrophilic, lipophilic, and amphiphilic model compounds.

2.3. Physico-Chemical Characterization of Vesicles

The dynamic light scattering spectrophotometer, Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Worcestershire, UK) was used to investigate the mean size, polydispersity index
and surface charge of the realized nanocarriers. Before analysis, each sample was diluted
in aqueous medium to avoid multiscattering phenomena. Measures were performed on
three different batches of each sample and results of analysis were reported as the mean of
three measurements (each one of 10 determinations) & standard deviations.

The stability of each formulation was also investigated using Turbiscan® Lab (For-
mulaction, L'Union, France). In detail, a pulsing near infrared LED set at 880 nm crossed
a cylindrical glass vial containing the formulation in the whole height and the light flux
transmitted (T) and backscattered (BS) by the sample was recorded as a relative percentage
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referred to a suspension of polystyrene latex and silicone oil, used as standards. Mea-
surements were recorded for 3 h at 24 & 1 °C and data were processed by Turbiscan Easy
Soft Converter (Formulaction, L'Union, France) [28]. The stability kinetics of the realized
sample was also calculated through the evaluation of their Turbiscan Stability Index (TSI)
and the obtained profiles were compared to each other.

To further investigate the long-term stability of samples, formulations were sealed in
an amber glass vial and carefully stored at +4 °C for 1 month. At the end of this period,
each sample was properly vortexed, a macroscopic analysis was done and characterization
studies were repeated to investigate any changes that occurred in the realized samples.

2.4. Cell Cultures

Cytotoxic effect of ethosomal formulations were investigated on human keratinocytes,
NCTC2544 cells, through the MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazoliumbromide)
dye assay, collecting data of cell viability. Cells were sealed in Petri dishes (& 100 x 20 mm)
containing minimum essential medium (D-MEM) supplemented with glutamax, strepto-
mycin (100 pg/mL)-penicillin (100 uL/mL) solution (1% v/v), amphotericin B (250 ug/mL),
and FBS (10% v/v) and stored in a Water-Jacketed CO, incubator at a temperature of 37 °C.
Medium was replaced every two days until a confluence of ~80% was reached. Cells were
then washed with phosphate buffer solution, treated with trypsin/EDTA (1X) solution to
be detached from the dishes and transferred into centrifuge tubes. Tubes were centrifuged
at 1200x g rpm for 5 min using Megafuse 1.0 (Heraeus Sepatech, Osterode, Germany)
obtaining a pellet that was resuspended in D-MEM [22].

Evaluation of Cytotoxicity on NCTC2544 Cells

NCTC2544 cells were seeded in 96-well plastic culture dishes at a density of 5.0 x
102 cells/0.1 mL to perform MTT dye test as previously reported [22]. Following 24 h of
incubation, D-MEM was replaced with a fresh medium containing empty ethosomes at
increasing concentration of lipidic components (0.01, 0.1, 1.0 and 10.0 pg/mL). Cells were
incubated for different times (24 h, 48 h and 72 h), treated with 10 uL of MTT solution
(5 mg/mL of salts dissolved in PBS buffer) and further incubated at 37 °C and 5% CO,
for 3 h, which was the time necessary to living cells to form violet formazan crystals.
At this time, culture medium was withdrawn and formazan crystals were dissolved in
dimethylsulfoxide/ethanol (1:1 v/v), keeping the plate under constant stirring using IKA®
KS 130 Control (IKA® Werke GmbH & Co., Staufen, Germany) for 20 min at 200 rpm.
ELISA microplate reader (Labsystems mod. Multiskan MS, Midland, ON, Canada) set at
Aexc 570 nm and A 670 nm, allowed to investigate cell viability according to the following
equation:

% Cell viability = %-100 (1)

where A; and A, represented the absorbance of treated and untreated cells, respectively.
Three different experiments were performed to investigate the percentage of cell viability
and results were reported as the average of the obtained data 4- standard deviation.

2.5. Evaluation of Entrapment Efficiency

The entrapment efficiency of probe-loaded nanovesicles was determined following
the ultracentrifugation of samples. Ethosomes were transferred in polycarbonate tubes
and centrifuged for 1 h at4 °C and 85,000 x g rpm using an Avanti 30 centrifuge (Beckman,
Fullerton, CA, USA). The supernatant was separated from the pellet and collected to be
analyzed using high performance liquid chromatography (HPLC) apparatus (Varian Inc.,
Palo Alto, CA, USA). The entrapment efficiency of the systems was found according to the
following equations:

(Dt — Ds)

EE(%) = { =

} 1100 @)
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(De)
Dt

EE(%) = { } -100 (©)]
where Dt was the amount of probe used during the preparation of samples, Ds and De
were, respectively, the amounts of probe recorded in the supernatant and pellet [22]. The
two equations reported very similar values that differed by less than 2%.

HPLC Analysis

The content of the probe loaded into the systems was determined using HPLC system
carrying out the separation at room temperature with a GraceSmart RP C18 column with
4.6 x 250 mm, 5 um particle size (Alltech Grom GmbH, Rottenburg-Hailfingen, Germany).
The HPLC system was equipped with a 200-2031 Metachem online degasser, a binary
pump M210, a G1316A thermostatted column compartment, a ProStar 410 autosampler
and a 25 uL. CSL20 Cheminert Sample Loop injector. A mixture of water/methanol (80:20
v/v) was used as mobile phase at a flow rate of 1.0 mL/min and UV detection was set at
592 nm, 359 nm and 543 nm, respectively, for bromophenol blue, oil red o and rhodamine.
Data were processed using Galaxie® chromatography manager software (Varian Inc., Palo
Alto, CA, USA).

2.6. In Vivo Tolerability Studies

In vivo studies were performed on healthy human volunteers using X-Rite SP60
portable sphere spectrophotometer (X-Rite Incorporated, Grandville, MI, USA), which
represents a colorimeter able to detect any changes in skin color [19]. Six volunteers were
broadly informed about the procedures and the aim of the study and gave their written
consent to participate. The experimental protocol provided that all subjects enrolled in
the study rested under room conditions (22 £ 3 °C and 40-50% relative humidity) for
30 min before starting with the study. Four sites (each one 1 cm?) were outlined on
the ventral surface of both forearms of each volunteer and baseline values of erythema
index (E.I.) were recorded before applying the samples. Hill Top chambers (Hill Top
Research, Inc. Cincinnati, Miamiville, OH, USA) were filled with 1 mL of each sample and
applied to the defined sites. Saline solution (0.9% w/v NaCl) was applied on one site as
control, the other sites were treated with conventional ethosomes and ethosomes made
of Phospholipon 90 G:DOTAP at increasing concentrations (10:0.5 and 10:1, molar ratio).
Data were reported as the variation of erythema index (AE.L.) values following treatment
with samples compared to baseline values. The induced erythema was monitored over 6 h,
24 h and 48 h, considering the following equation:

1 1 1 1 !
E.I. = 100 [logR%O +15 <logR54O + logR580> - 2<108R510 + 108R610>} )

where E.I represents the erythema index; 1/R is the inverse reflectance at the wavelength
corresponding to the relative absorption peaks of hemoglobin (A = 540 nm; A = 580 nm;
A =560 nm) and melanin (A = 510 nm and A = 610 nm).

2.7. Statistical Analysis

One-way ANOVA test and Bonferroni test were used to investigate the statistical
significance. The minimal value of significance for all experiments was set to p < 0.05.

3. Results and Discussion
3.1. Physico-Chemical Characterization Studies

A deeper investigation of the physico-chemical and technological formulation proper-
ties of a new drug delivery system represents both a fundamental and limiting step for the
realization of an eligible formulation. The suitability of a nanocarrier for a specific adminis-
tration route depends on different parameters. Indeed, mean sizes, size distribution, any
surface charge and the stability of a sample over time are important factors that influence
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the pharmacokinetics of the realized system [26,29,30]. Especially in the case of cutaneous
administration, these parameters are essential to define the permeation of the carrier or
any delivered substance [20,31,32].

In this study, a new carrier for topical cutaneous administration was realized and char-
acterized, taking into account the conventional composition of ethosomes, a well-known
drug delivery system having advantageous properties for cutaneous administration [15].
The realization of the new system was made in the attempt to maintain the ability of conven-
tional ethosomes to be used as skin drug delivery systems, modifying their surface charge
to influence their fate. Conventional ethosomes owe their ability to permeate through the
skin barrier to the elasticity conferred by the presence of ethanol in their structure [33,34].
Moreover, data reported in the literature often showed a correlation between ethosomal
size and the amount of lipids and ethanol in their structure. In particular, sizes of etho-
somes decrease as the concentration of ethanol increases and soybean phosphatidylcholine
decreases [15,35]. Since size represents a very important feature for topical drug delivery
systems, we chose conventional ethosomes with minimum amount of phospholipon 90G
(1% w/v) and a high amount of ethanol (40% w/v) to propose this system as the control
for our further studies. The threshold of 40% w/v ethanol was not exceeded because,
as previously reported, these systems showed a certain instability in the presence of an
amount of 45% w/v ethanol [36]. Analysis of dynamic light scattering was performed using
Zetasizer Nano ZS and results, reported in Table 2, showed a narrow size distribution
with dimensions lower than 300 nm for the conventional ethosomal (formulation A), thus
indicating that they were small enough for topical administration and transcutaneous
passage [37]. Ethosomes having conventional composition, also reported a net negative
surface charge, which is essential to avoid aggregation phenomena and to ensure a good
stability of sample over time [38]. The stability of conventional ethosomes was further
investigated using Turbiscan Lab®. Results of ATrasmission and ABackscattering showed
good stability profiles, within a range of ABackscattering £1 (see Supplementary Materials,
Figure S1), thus confirming the results obtained in one of our previous studies [36].

Table 2. Physico-chemical properties of conventional and positive charged ethosomes.

Formulation Mean Size (nm) Polydispersity Index  Zeta Potential (mV)
A 224 £3 0.16 £ 0.01 —25+0
B 208 £1 0.20 £ 0.02 —24+1
C 241 +5 0.23 £0.02 —27+1
D 152+ 2 0.16 £+ 0.02 +56 £1

In fact, the ability of conventional ethosomes to interact with skin lipids and to improve
the permeation of any delivered drug has been widely studied [16,36,39]. However, due
to recent and conflicting discoveries concerning the influence of the surface charge on the
transdermal flux and direction of delivered drugs [22,26], new vesicular systems have been
realized using three different lipids having positive charges in their structures, with the
aim to investigate how much they influence the behavior of ethosomes. In this attempt, the
first step regarded the design and characterization of a cationic ethosomal formulation. The
composition of formulation A was retained and the amount of PL®90 G was replaced with
the same amount of a lipidic mixture between PL®90G and lipids with positive charge (10:1,
molar ratio). As can be seen in Table 2, formulations B and C, which respectively, contained
DSPE and DOPE, showed no relevant variations in the physico-chemical properties of
the samples, if compared to the results recorded for formulation A, because all had a net
negative surface charge and a narrow size distribution with vesicular dimensions below
250 nm. On the contrary, the addition of DOTAP to the sample at the same molar ratio
(formulation D) led to a clear change in the surface charge of the nanosystems, which
converted to a net positive charge.

Probably, the persistence of the negative surface charge for formulations B and C
was due to the positioning of lipid in the bilayer, which induced masking of the positive
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AT (%)

ABS (%)

functional groups of lipid molecules. Moreover, the simultaneous presence of phosphate
groups in DSPE and DOPE, which on the contrary was missing in DOTAP, could have
counterbalanced the positive charge and strongly influenced the final surface charge of
nanovesicles.

Compared to formulation A, a reduction in vesicle sizes occurred in the case of
formulation D, probably due to a better packing between the fraction of lipidic constituents
having opposite charge. The low value of polydispersity index recorded in the case of
formulation D also confirmed that the narrow distribution was retained by the new realized
system, compared to conventional ethosomes. Moreover, the low value of polydispersity
index and the net surface charge suggested a good stability of the system [40].

The great stability of the obtained cationic ethosomes (formulation D) was further
confirmed by investigating ATrasmission and ABackscattering profiles over 3 h using
Turbiscan Lab®. As can be seen in Figure 1, ABackscattering profiles were within the range
of +1%, indicating that no creaming, sedimentation and flocculation phenomena occurred
during the analysis, suggesting a great stability of samples over time. Any positive and
negative variations in backscattering profiles over 8 mm and under 2 mm, that are visible
in Figure 1, were not related to destabilization phenomena but were dependent on enclosed
air, respectively, at the top and bottom of the glass vial [41].

L (— (— 1 i (— t f t f f f t f t f f f f f t = 00h00m.00s
0n1Im1 55
00n22m:30s
00n-33md5s
Q0h&5m. 008
00h-56m:15s

01h0Fm: 308

01h18m.ds5s ’

|
03h:30m a0

01hdimi5s
0nszm3ns 8
Q2hA3md8s
0201 5m:00s
020 26m155

02h:3Tm:30s

] aanden4ss I
S E

Height (mm)

Figure 1. Delta transmission (AT) and delta backscattering (ABS) profiles of cationic ethosomes made of Phospholipon 90G

and DOTAP (10:1 molar ratio). The figure is representative of three different experiments performed for the sample. Data

are reported as a function of time (0-3 h) and sample height (mm).

3.2. Characterization of Cationic Vesicles Made of Different Amount of DOTAP

Starting from the interesting results obtained for formulation D, further investigations
were performed to test the influence of variable amounts of DOTAP in the main features
of the sample and to find the best concentration to be used for subsequent in vitro and
in vivo studies. For this reason, the concentration of cationic lipid, expressed as molar
ratio (PL90 G:DOTAP) was both progressively increased (formulations E-H) and reduced
(formulations I-M) compared to the amount reported for formulation D (PL90G:DOTAP,
10:1) and further characterization studies have been performed using Zetasizer Nano ZS.
As can be seen in Table 3, the increase in DOTAP amount led to an increase in vesicle sizes.
Polydispersity index values also increased compared to that recorded from formulation D
and this was probably due to the simultaneous formation of micellar systems following
the accumulation of lipids that were not structured in the carrier [42]. The mean sizes of
vesicles also increased, overcoming 500 nm in size, which was too high a value to consider
these carriers for topical cutaneous administration [37].
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On the other hand, the reduction in the amount of DOTAP used during the preparation
of formulations I-M showed good values of size and polydispersity index, but a gradual
reduction in the net positive surface charge of the vesicles congruent with a reduction
in the amount of positive lipid added during the preparation of samples. The increase
in the zeta potential values towards more positive values as a function of the increasing
amount of DOTAP added confirmed that the cationic lipid molecules were disposed on
the surface of the nanovesicles. Despite the reduction of zeta potential values related to
the reduction in the addition of cationic lipids, all investigated samples showed values
beyond the threshold of +30 mV, commonly considered suitable for guaranteeing repulsion
between vesicles thus avoiding aggregation phenomena [40].

Table 3. Characterization studies of ethosomes containing DOTAP and phospholipon® 90 G at
different molar ratios. The generic composition of formulation B was maintained, considering the
final amount of 1% w/v of lipids, 40% w/v of ethanol and 59% w /v of water.

Lipid Composition

Formulation Size (nm) Polydispersity =~ Zeta Potential
Lipidic Mixture Molar Ratio Index (mV)
E PL90G:DOTAP 10:2 274 £2 0.40 £ 0.01 +55 +1
F PL90G:DOTAP 10:3 505 £ 22 0.41 £ 0.08 +58 £3
G PL90G:DOTAP 10:4 512+9 0.27 £0.02 +64 +1
H PL90G:DOTAP 10:5 616 £ 16 0.32 +0.06 +69 £1
I PL90G:DOTAP 10:0.5 189 +2 0.13 £0.01 +52 +1
J PL90G:DOTAP 10:0.4 141 £1 0.19 & 0.01 +50 £ 0
K PL90G:DOTAP 10:0.3 198 +2 0.14 £ 0.01 +47 £ 3
L PL90G:DOTAP 10:0.2 216 +4 0.25 £ 0.02 +47 £ 2
M PL90G:DOTAP 10:0.1 301£2 0.20 £ 0.02 +42+1

In fact, the values needed to avoid destabilizing phenomena are questioned due
to the great influence of several other parameters to be considered, such as the solvent
used, the concentration of ions, and functional groups of the surface [40]. For this reason,
further stability studies have been performed. The stability kinetics profiles of all cationic
ethosomes (formulations D-M) were investigated using Turbiscan Lab analysis and the
results were compared. As can be seen in Figure 2, the addition of different amounts of
DOTAP did not result in a marked variation of TSI values compared to those recorded
for formulation D, which also reported AT and ABS profiles within an excellent stability
range (Figure 2). These results suggested that no relevant instability phenomena were to
be expected for the analyzed samples.

—— Formulation D
—— Formulation E
—— Formulation F
—— Formulation G
Formulation H
—— Formulation |
Formulation J
—— Formulation K
Formulation L
—— Formulation M

TSI

\

0 1000 2000 3000

Time (s)

Figure 2. Kinetic stability profiles of cationic ethosomes using Turbiscan Lab® Expert. The results are
representative of three independent analyses of samples performed at 25 °C for 1 h.
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Another stability test was performed, incubating samples at 4 °C for 1 month, mim-
icking a conservation process, and then evaluating any changes in their sizes and polydis-
persity index. It is interesting to note that no marked variations occurred over time in any
samples (Figure 3). This was a desirable feature because, once again, the great stabilization
of the nanovesicles provided by the addition of lipids with positive charge was confirmed.

As can be seen in Figure 3, formulations D, E, I, ], K, and L retained sizes lower than
300 nm after 1 month of incubation. Between them, formulation D and formulation I also
reported the best values of polydispersity (lower than 0.2) after 1 month of incubation.

The previously described results of physicochemical characterization studies allowed
us to choose the most suitable profiles. In particular, the two samples with lower mean
sizes, higher positive surface charges (formulation D and formulation I) and good stability
profiles over 1 month were considered for further studies.
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Figure 3. Characterization studies of ethosomes containing positive lipids and Phospholipon® 90 G
at different molar ratios, after their storage at 4 °C, for up to 1 month. The dashed red lines delimit the
best results recorded in terms of size and polydispersity index (below the line). Results are expressed
as mean values of three different experiments + standard deviation.
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3.3. In Vitro Cytotoxicity Studies

The in vitro bioassay was performed on human keratinocytes (NCTC-2544 cells) to
investigate if the inclusion of DOTAP in ethosomal systems affected cell viability. It is well
known that cationic lipids improve transfection [43] due to the increase in electrostatic
interactions between cellular membranes and vesicles but it is noteworthy that this could
influence cell viability. To further investigate this aspect, in vitro studies were performed.

The non-differentiated keratinocytes cell line was chosen as a model, assuming a
cutaneous topical administration of the realized samples. NCTC-2544 cells were treated
with different vesicular formulations at increasing concentrations with reference to lipidic
amounts (0.01, 0.1, 1.0 and 10.0 ug/mL) for 24 h, 48 h and 72 h.

As can be seen in Figure 4, all samples tested, i.e., conventional ethosomes, formulation
D and formulation I, showed appropriate safety, thus indicating a good biocompatibility of
the realized samples, with keratinocytes cells up to lipid concentrations of 10 ng/mL, as
the cell viability was found above 70% within 72 h.
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Figure 4. Evaluation of cytotoxicity of ethosomal systems on NCTC-2544 cells through MTT test after
24 h, 48 h and 72 h of treatment. Conventional ethosomes, formulation A (a), ethosomes made of
PL90G:DOTAP 10:0.5 molar ratio, formulation I (b) and ethosomes PL90G:DOTAP 10:1 molar ratio,
formulation D (c) have been used for this study. Results are expressed as the mean value of three
different experiments + standard deviation. * p value < 0.05 with respect to control (untreated cells).
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Previous studies in the literature reported that cationic lipids with ester bonds in
the linker zone, such in the case of DOTAP, showed less cytotoxic effects in cultured
cells [44-46]. Surprisingly, in this study, cationic ethosomes made of DOTAP at a 10:0.5
molar ratio (Figure 4b) and 10:1 molar ratio (Figure 4c), not only showed low cytotoxic
effects, but they also seemed to show great safety profiles on NCTC 2544 cells at 72 h until
a lipid concentration of 1.0 ug/mL when compared to profiles recorded from conventional
ethosomal samples (Figure 4a).

3.4. Evaluation of Encapsulation Efficiency

The ability of formulations D and I to encapsulate active compounds was also investi-
gated by adding oil red O, rthodamine B or bromophenol blue salt as lipophilic, hydrophilic,
and amphiphilic model drugs, respectively. First of all, further characterization studies
have been performed to investigate the mean sizes, zeta potential and the stability of
samples to assess whether they suffered significant changes and if they retained their
suitability for topical use. It was interesting to note that in any case the addition of a
probe, regardless of their chemical properties, caused a significant (p < 0.001) reduction in
vesicle sizes (Table 4), probably related to a rearrangement of the structure of the carrier. A
slight increase in the polydispersity index values was recorded for the addition of oil red
o, despite all values remaining below an acceptable threshold [47]. As in the case of the
charge of cationic ethosomes (formulations D and I), a reduction of values was recorded
proportionally to the reduction in size compared to empty formulations. Nevertheless, car-
riers loaded with one of the three probes still retained a net positive surface charge that was
proportional to the amount of cationic lipid added during preparation. The stability of each
sample was checked using Turbiscan Lab analysis (Figure S2). Formulations showed good
stability profiles reporting ABackscattering values in a range of &1 for any probe added
in conventional ethosomes (Figure S2A) or into cationic ethosomal systems (Figure S2B,C)
thus confirming that no creaming, flocculation or sedimentation phenomena occurred by
the addition of model compounds into the realized systems.

Table 4. Physico-chemical properties of conventional ethosomes (formulation A) and positive charged
ethosomes (formulations D and I) loaded with probes. Oil red o, rhodamine and bromophenol blue
were used, respectively, as lipophilic, hydrophilic or amphiphilic model compounds.

. . . Zeta Encapsulation
Dye Formulation Mean Size  Polydispersity Potential Efficiency
(nm) Index o
(mV) (%)

A 100 + 1 0.19 + 0.02 —25+1 43+3
Oil red O D 112 4 3 0.29 & 0.01 +38 4+ 2 55 4 2
I 105 + 1 0.33 £+ 0.01 +29 + 3 50 + 2
A 132 +£2 0.17 £ 0.02 —14+1 69 + 4
Rhodamine B D 108 & 2 0.13 £ 0.01 +334+2 52 42
I 118 +1 0.08 £ 0.01 +31+1 69+ 6
A 88 + 3 0.18 £ 0.01 —16+1 27 +2
Bromophenol D 94+ 2 0.16 & 0.00 128 £ 2 1546
blue I 135+ 2 0.08 & 0.02 +134+2 36 +3

The new realized cationic systems also showed good abilities to encapsulate hy-
drophilic and lipophilic probes (above 50% of the amount added during the phase of
preparation), comparable with those recorded from well-known drug delivery systems, i.e.,
conventional ethosomes [15,34,36]. In detail, formulations D and I seemed to encapsulate
oil red o better than conventional ethosomes, probably due to a greater interaction between
the hydrophobic model compound and the cationic lipid, i.e., DOTAP. Concerning the
addition of rhodamine B, conventional ethosomes (formulation A) and cationic ethosomes
made of PL90G:DOTAP 10:0.5 molar ratio (formulation I), reported very similar values,
while a slight decrease was recorded for an increased amount of DOTAP (formulation
D, 10:1 molar ratio). This effect was probably due to a greater bulky effect on the part
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of the lipid to the detriment of the aqueous core where the hydrophilic probe is likely to
accumulate. Finally, regarding the addition of amphiphilic molecules, such as bromophenol
blue, a drastic reduction of the amount encapsulated was recorded for both cationic and
conventional ethosomes and once again this amount was lower for increasing amounts of
DOTAP in the sample.

3.5. In Vivo Human Skin Tolerability Test

The in vivo tolerability of the newly realized systems was tested, monitoring the
variation of erythema index values before and following the treatment with ethosomal
formulations (AE.L). The obtained values were compared with those recorded following
the administration of conventional ethosomes or the administration of saline solution (0.9%
NaCl), used as control. The study was performed on six healthy human volunteers over
48 h and the results are reported as the mean of the values recorded =+ standard deviation.

As can be seen in Figure 5, six hours after the administration of the samples (both
conventional ethosomes and cationic formulations), a slight increase in AE.IL values was
recorded. Although the increase was slight, it was significant (p < 0.05) if compared to
values recorded for the administration of saline solution. This increase in E.I. value was
probably related to the permeating ability of ethosomal systems through skin and was
consistent with data reported in another study [16]. In particular, the amount of ethanol,
which remained unchanged between conventional and cationic ethosomes, probably caused
a temporary and reversible modification of the main skin barrier, leading to increasing
values of E.L. in the first 6 h. After 24 h values of erythema index were in line with
that recorded from saline solution, used as control, meaning that the erythema resolved.
Actually, the initial increase of erythema index values due to a reorganization of the
skin barrier structure represents an attractive property as this effect can accompany the
permeation of any delivered drug through skin layers.

14
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12 — [ Formulation A
- . I Formulation D
[ Formulation |

10 = I I

- 1If
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6 |—
sl
2=
0_ L1 || L
6 24 48
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Figure 5. Variation of erythema index (AEI) over 6, 24 and 48 h of treatment with saline solution,
formulation A, formulation D and formulation I. Results are expressed as the mean value of six
independent experiments + standard deviation. * p value < 0.05 compared to saline solution, used as
control.

The results obtained from in vivo studies showed suitable levels of cutaneous toler-
ability and safety of the new realized cationic systems, thus confirming they represent
promising systems for topical skin delivery.
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4. Conclusions

The role of cationic charges on vesicular systems represents a new trend for topical
delivery of active compounds, which needs to be better clarified. In this attempt cationic
ethosomal systems made with small amounts of cationic lipids have been realized in this
study and compared with data recorded from conventional ethosomal formulations.

The results obtained showed that the addition of small quantities of DOTAP to conven-
tional ethosomes allows to realize positively charged systems. In detail, the systems made
of PL90G: DOTAP 10: 1 or 10: 0.5 molar ratio proved to be the most suitable for a possible
topical skin application. In our physico-chemical and technological formulation studies,
these systems showed average sizes below 300 nm, a low polydispersity index (below 0.2)
and a net positive surface charge (over +50 mV) conferring a certain stability to the system.
Further characterization studies performed using Turbiscan Lab analysis confirmed the
stability of the realized formulations, thus recording values of ABackscattering within +1.
The storage of samples over one month also confirmed the great stability of the realized
samples as no marked variations in size and polydispersity index occurred during this
period. Cationic ethosomes presented good encapsulation efficacy of hydrophilic and
lipophilic model compounds, comparable to that recorded from conventional ethosomes.
In detail, the encapsulation of oil red o or rhodamine b was found to be above 50% of the
amount added during the preparation. Toxicity studies carried out on NCTC2544 cells
and on healthy volunteers finally proved the suitability of these systems for cutaneous
application as they were able to maintain cell viability above 70% within 72 h. Concerning
preparation made of DOTAP (10:0.5 and 10:1 molar ratio) they also reported great safety
profiles on NCTC 2544 cells at 72 h over lipid concentration of 1.0 pug/mlL. Finally, no
relevant irritation phenomena occurred after 48 h from their application to the forearm of
healthy human volunteers.

Thus, we can conclude that cationic ethosomes made of PLI90G:DOTAP at a 10:1
molar ratio and 10:0.5 molar ratio represent promising systems for further permeation
studies, which will allow us to investigate the influence of surface charge on the fate of
such deformable systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11157060/s1, Figure S1: Delta transmission (AT) and delta backscattering (ABS) profiles of
conventional ethosomes (formulation A). Figure S2: Delta transmission (AT) and delta backscattering
(ABS) profiles of probe-loaded ethosomal formulations.
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