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ARTICLE INFO ABSTRACT

Keywords: In recent years, nanotechnology has allowed to formulate different ophthalmic vehicles to extend residence time
Nanotechnology in the eye after topical application, decreasing the number of instillations and improving patient’s compliance.
Nanoemulsions The goal of this study was to develop an oil-in-water (O/W) nanoemulsions (NEs), composed of almond oil as the
gf;f; ddzgvery inner oil phase and Hepes or Palitzsch buffer as the outer aqueous phase, stabilized by non-ionic surfactants
Mucoadhesion (Tween 20 or Tween 80). By modifying the oil/surfactant/water ratio, the best nanoemulsion formulations in
Microviscosity terms of chemical-physical characteristics for ocular application were selected. In particular, hydrodynamic

diameter, size distribution, {-potential, microviscosity and polarity of the internal oil phase, along with pH,
osmolarity, turbidity, stability in simulated eye tears and rheological properties were evaluated. Furthermore,
mucoadhesive properties of selected samples have been measured by turbidimetric assay and mucin particle
method to establish their potential interaction with mucin in simulated tear fluid. Finally, cytotoxicity studies
using the Alamar Blue reduction assay in Y-79 (Human retinoblastoma cell line) cells have been performed,

anticipating their compatibility and suitability for ocular administration.

1. Introduction

Nanotechnology applied to medicine is the new frontier of pharma-
cological therapy. It entails the development of nanomaterials for
biomedical application, including for therapeutic and diagnostic pur-
poses [1,2].

In the past years, researchers have proposed different nanocarriers
useful for drug delivery, including nanosuspensions, liposomes, nano-
particles, etc. Safer and efficient treatments can be realized to improve
penetration, site-specific targeted delivery, and modified drug release of
various pharmaceutical compounds. The development of drug delivery
systems (DDS) provides advantages in terms of cost, time and risks
compared to research on an ex-novo pharmaceutical compound,
allowing to reformulate and reassess known drugs, being thus a highly
competitive marketing strategy for pharmaceutical industry. To
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overcome problems such as poor solubility, large biodistribution,
insufficient bioavailability, severe adverse effects, high costs, the
loading new or old drugs into specific nanocarriers has been proposed
[3].

Currently, nanomedicine seems to open up new dimensions in ocular
drug delivery with the purpose to overcome the healing difficulties of
some pathologies [4-6]. The use of conventional delivery systems on the
eye results in poor drug bioavailability and limited therapeutic response,
due to the difficulties encountered in the eye structure against drug
absorption (e.g. several physiological barriers, lacrimal secretion, and
nasolacrimal drainage). For example, due to the high ocular turnover in
few minutes most of the drug is drained away from the precorneal area.
On the other hand, drug side effects can be caused by the adsorption via
the nasolacrimal duct to the gastric intestinal tract. To overcome these
problems, nanotechnology has allowed to formulate various ophthalmic
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vehicles to extend the ocular residence time of medications for topical
application on the eye, decreasing the number of instillations and
improving the patient’s compliance [7-10].

Among the diverse nanocarriers that are widely used in pharma-
ceutics for ocular delivery, nanoemulsions (NEs) are preferred [11-13],
due to their sustained release of drugs promoting drug penetration into
deeper layers of the ocular structure and reaching the aqueous humor
[14]. Generally, NEs are mainly composed of three components: the
aqueous phase, oil phase and surfactant. NEs can be classified in oil in
water (O/W) or water in oil (W/O).

In O/W NEs a single oil is usually dispersed as droplets into the
aqueous/continuous phase, constituting the 5-20% w/w compared to
the other components. Sometimes, a mixture of oils may be used to
improve drug solubilization in the inner phase. For this reason, NEs act
as excellent and versatile delivery systems for poorly water-soluble
drugs, which are otherwise difficult to formulate in conventional
dosage forms. NEs are composed of generally recognized as safe (GRAS)
grade excipients and this allows to use different surfactants and oils that
can modulate or increase the drug activity [15].

Special attention has been paid to the type of oily phase used as the
core in the preparation of NEs. Vegetable oils are generally safe and
biocompatible, and may also often be used as biologically active sub-
stances. In comparison to mineral oils, vegetable oils exhibit low vis-
cosity and molecular weight, which makes them less occlusive and this
may be useful for topical eye delivery, such as for the treatment of
oxidative stress which is one of the predisposing factors of various ocular
diseases. Oxidative stress can be related to the cellular damage caused
by reactive oxygen species (ROS) and can take part in many diseases and
aging processes [16-18]. It is reported that oxidative damage has been
related to the development of ocular diseases, such as Fuchs endothelial
corneal dystrophy, uveitis, keratoconus, cataract and age-related ocular
degeneration. In fact, ocular tissues seem to be especially susceptible to
oxidative stress due to the transparent properties of the cornea, aqueous
humor, lens and retina allowing continuous exposure to light. Moreover,
air pollution and smoke along with aging and inflammatory processes
have been shown to increase production of ROS [19]. In this scenario,
ophthalmic drug delivery based on nanotechnology may represents an
opportunity to develop novel formulation able to enhance the thera-
peutic efficacy, reducing treatment costs and improve the quality of life
of ocular disease patients [20].

For this purpose, O/W nanoemulsions (NEs) can be chosen and
almond oil can be selected as internal phase to take advantage of its
bioactive components (i.e. high concentration of linoleic acid [21]).
Almond oil exhibits a wildly range of therapeutic effects such an anti-
oxidant, anti-inflammatory and anti-microbial activity, which may be
useful as an adjuvant in enhancing the effect of other active compounds
to be loaded in NEs [21]. In addition, the antioxidant activity of almond
oil may also protect the delivered drugs from oxidation and hydrolysis
and potentially acts on the metabolic functional abnormalities in reti-
nopathies [22]. Instead, the use of a surfactant is necessary to obtain
nanometric and stable oil droplets [11]. The type and concentration of
surfactant influence the mean droplet size, polydispersity index and
drug loading capacity of NEs. Working on formulation useful for ocular
delivery, the selection of a non-irritant surfactant is mandatory. Ac-
cording to the literature, cationic are known to be more irritating and
cytotoxic than anionic and non-ionic surfactants [23]. In formulations
for application to the eyeball, non-ionic emulsifiers of low-toxicity are
most commonly used [24,25]; for this reason, in this work two non-ionic
surfactants, Tween 20 and Tween 80 have been selected. Furthermore,
polysorbates are also known to be less affected by changes in ionic
strength and pH, and they are generally regarded as safe and biocom-
patible [26]. In particular, Tween 80 has a vegetable derivation, ob-
tained by the esterification of polyethoxylated sorbitan and oleic acid,
where the oleic acid has an antioxidant activity as well, thus it could
increase the therapeutic effect of the ocular formulation even more.

Topically administered ocular formulations have specific
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requirements for their buffering system. Buffers are needed to stabilize
the pH at a level at which drugs are soluble, active, and tolerable.

For this purpose, in our formulations two different buffers (i.e.,
Hepes and Palitzsch buffers) have been employed as aqueous external
phase to adjust and keep the pH steady. Hepes bulffer is a zwitterionic
organic chemical buffering agent, physiologically biocompatible;
instead Palitzsch buffer (acid boric/borax buffer) is a typical buffer of
formulations commonly used in ocular formulations. It is proven to have
antimicrobic activity with no cytotoxicity at the used concentrations
[27].

The aim of this study was to formulate and physico-chemically
characterize O/W NEs in terms of mean size, surface charge, homoge-
neity, polarity, microviscosity and rheological properties useful for
ocular delivery. Stability was evaluated after storage at 4 °C, 25 °C and
40 °C. Furthermore, in order to evaluate NEs behavior in the ocular
environment, stability studies were performed in simulated tear fluid at
34 °C to simulate the ocular surface temperature. Mucoadhesive eval-
uation was performed by turbidimetric assay and mucin particle method
(zeta potential and hydrodynamic diameter assessment) to assess NEs
potential interaction with mucin. Finally, a cytotoxicity study on human
retinoblastoma cell line was performed to evaluate NEs suitability for
ocular administration.

All NE components were accurately selected, in order to ensure
formulation safety, ocular biocompatibility and mucoadhesive
properties.

2. Material and methods
2.1. Materials

Almond oil was purchased from Farmalabor SRL (Assago (MI) Italy).
Tween 20 (Tw20), Tween 80 (Tw80), Hepes salt [N-(2- hydroxyethyl),
piperazine-N-(2-ethanesulphonic acid)], pyrene, boric acid, sodium
borate decahydrate, mucin (mucin from porcine stomach type II) and
sodium chloride were obtained from Sigma-Aldrich (Sigma-Aldrich,
Milan, Italy). Sodium bicarbonate was purchased from Merk (Darm-
stadt, Germany). Calcium chloride dihydrate and potassium chloride
were purchased from VWR Chemicals (Milan, Italy). Eye drops
(Dacriovis®) were purchased from Buona, Sesto Fiorentino (FI), Italy.
Distilled water (Ecological Product System s.r.l., Rome, Italy) was used
for all experiments. All other products and reagents were of analytical
grade. Nitrocellulose membrane filters of pore size 0.1 puL was purchased
by Whatman® (GE Healthcare Europe GmbH, Milan, Italy).

2.2. Construction of ernary phase diagrams and nanoemulsion
preparation

Since concentration of each constituent plays a key role in the for-
mation of a stable NE, the ternary phase diagram has been constructed
by using almond oil/surfactant/buffer in different weight ratios and the
homogeneity of resulted mixture was checked [28,29]. This study helps
to choose the amount of each constituent necessary to obtain a homo-
geneous O/W NE structure. In particular, the mixture of each component
was placed in a test tube, and vigorously vortexed for 5 min to ensure a
thorough mixing. All mixture point checked for this experiment are
listed in Tables S1 and S2 (Supporting materials). A visual inspection
was carried out to distinguish the monophasic mixture points from the
biphasic ones. Two different surfactant/oil ratio have been selected to
obtain O/W NEs (Table 1), where the Tw20 or Tw80 concentration in
the samples was always remarkably above the respective critical micelle
concentration (CMC) in water, at 20 °C.

All formulations have been obtained by means of a very easy prep-
aration method, by a single step process [30]. For oil phase character-
ization studies, the fluorescent probe (pyrene, 4 mM) was added to the
surfactant/oil mixture before NEs preparation. The mixture was vor-
texed for 5 min to allow the micro-emulsion formation. Then, the
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Table 1
Composition of selected O/W nanoemulsions (hydrophilic phase: Hepes or
Palitzsch buffer).

Sample Oil: Almond Oil (mg/  Tween 80 (mg/  Tween 20 (mg/
Surfactant ml) ml) ml)
Ratio
A 1:2 9.8 19.6 -
Al 1:4 4.9
B 1:2 9.2 - 18.4
Bl 1:4 4.6

microscale droplets were sonicated for 20 min at 50 °C using a tapered
microtip operating at 20 kHz at an amplitude of 18% (Vibracell-VCX
400, Sonics, Taunton, MA) to obtain NEs [31]. Finally, in order to assure
a sterility of all formulations, the use of a filter will be necessary [32].
The selected pore size was of 0.22 pm, parameter considered as a ste-
rility guarantee, according to Italian Pharmacopeia (XII ed).

2.3. Dynamic light scattering measurements

Dynamic Light Scattering (DLS) on a Malvern Zetasizer Nano ZS90
(Malvern Instruments Ltd., Worcestershire, United Kingdom) was used
to measure the hydrodynamic diameter (HD), the polydispersity index
(PDI), and the ¢-potential (ZP) of all samples. DLS allows the evaluation
of the distribution of particle size as an evaluation of the breadth of the
size distribution, as well as the dispersed particle electrophoretic
mobility. Measurements were made at a detection angle of 90°, at 25 °C
with a 4 mW He-Ne laser operating at 633 nm. Reported data represent
the means of the 3 measurements of ZP (mV) and of the HD (nm) for the
NE droplets. The size distribution results are expressed as % of intensity
of the colloidal dispersion. A PDI value lower than 0.3 indicates a ho-
mogenous and monodisperse population.

2.4. Lipophilic oil phase characterization

The fluorescence experiments of NEs incorporating pyrene were
carried out to evaluate the polarity and microviscosity of the oil droplet
stabilized by surfactant shell by a PerkinElmer LS55 spectrofluorometer.
Employing the pyrene probe, which is entrapped mainly in the lipophilic
inner phase of NEs, it is possible to investigate the lateral distribution
and the dynamics of oil shell (oil and surfactant shell). Pyrene is a
spatially sensitive probe, displaying a peculiar band around 460 nm
when two molecules are spatially proximal (excimer). The monomer and
the excimer show different fluorescent signals; by evaluating the ratio of
the fluorescence intensities is possible to understand the probe distri-
bution in the lipid phase: when the excimer fluorescence decreases, an
increase in monomer fluorescence can be observed. The pyrene mono-
mer fluorescent spectrum consists of five peaks. It is well established that
the ratio I;/I3 between the intensities of the first (I;) and third (I3) vi-
bration bands of the pyrene fluorescence spectrum (corresponding to
372 nm and 382 nm, respectively) is related to the polarity of the pyrene
environment. Low values of the I;/I3 ratio correspond to a nonpolar
environment. This ratio increases as the polarity of the medium rises
[33].

Since pyrene is solubilized inside the hydrocarbon chain of the NE
shell, the information obtained from fluorescence of pyrene in our sys-
tems refers to the oil droplet of NE pigeonhole [34].

The presence of pyrene intramolecular excimers depends on the rate
of conformational change of the molecule, which is sensitive to the
viscosity of the probe microenvironment [35]. Hence, the Ig/Iy ratio,
where I and Ig stand for the intensity of the monomer and the excimer
fluorescence, respectively, is used to estimate the microviscosity.
Because of its high hydrophobicity, the solubilization zone of pyrene
occurs in the oil shell, as was established in the case of polymeric
micellar solutions [36]. The polarity variation of pyrene solubilizing
phase may also be evidenced by the change in the ratio of monomer
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vibronic band intensities measured at 377 nm and 397 nm [37].
2.5. Physico-chemical stability

Accelerated stability study was conducted, complying with ICH Q1
(Stability testing), upon storage of all samples at 4 °C, 25 °C £+ 2/60% +
5%, RH (relative humidity) and 40 °C + 2/75% + 5% RH (climatic
chamber Blinder GmbH, Tuttlingen, Germany). On each sample HD,
PDI, ZP, pH and osmolarity were measured in triplicate at specific time
intervals (0, 15 and 30 days). These experiments have been carried out
up to 90 days on all samples, in the presence of Hepes and Palitzsch
buffers (Fig. S1, Supporting Materials). The NEs pH was determined by
using a pH-meter (Mettler Toledo, Columbus, OH, USA). The instrument
was calibrated by using buffer solutions (pH 4.01 + 0.02; 7.00 + 0.02
and 10.00 + 0.02; slope 99.8%; Mettler Toledo, Columbus, OH, USA).
Prepared NEs were assayed in triplicate at 25 °C. Transparency, evalu-
ated by turbidity variations [38], was evaluated using a PerkinElmer
LS55 spectrofluorometer (LS5013, PerkinElmer, Waltham, MA, USA) at
Ex/Em 600/600 nm. The osmolality of NEs were determined using a
cryoscopic osmometer (Osmomat, mod. 030-D, Gonotec, Germany); 50
pl of deionized water (consistent with the 0 mOsmol point) and 50 pl of a
300 mOsmol/L calibration standard (consistent with the 300 mOsmol
point) was used for a two-point calibration. Each sample was assayed in
triplicate.

2.6. Rheological measurements

Rheological analysis of NEs were performed applying the oscillation
frequency sweep test over a frequency range from 0 to 10 Hz at constant
stress amplitude of 1 Pa, using the rheometer Rheo Stress RS 100 (Haake
Instruments, Karlsruhe, Germany) equipped with a cone-and-plate test
geometry (plate diameter 20 mm, cone angle 4°). All measurements
were carried out at a temperature of 20 + 0.1 °C.

2.7. Stability studies in artificial tear fluid

To ensure the stability of all formulations in the ocular environment,
NEs were mixed with artificial tear fluid in a proportion of 40:7 v/v [39].
In fact, according to the literature, the commercial eye droppers deliver
an average of drop equal to 40-50 pL, while the normal tear fluid vol-
ume is ranging 7-10 pL. The mean hydrodynamic diameter, PDI and
{-potential were evaluated at different time points (30, 60, 120 and 180
min) at 34 £ 0.5 °C to simulate the ocular surface temperature [40].

2.8. Mucoadhesive evaluation of NEs

Three in vitro methods were used to assess the mucoadhesive prop-
erties of samples A and B. Briefly, mucin (0.1%, w/V) was suspended in
simulated tear fluid (STF: NaCl 0.68 g, NaHCO3 0.22 g, CaCl, - 2H,0
0.008 g, KC1 0.14 g, and distilled deionized water to 100 mL; pH 7.4) and
stirred overnight for complete dispersion. The NE formulations were
incubated with mucin dispersion (1:1, v/v) in STF at 37 °C, to evaluate
their interaction with mucin by turbidimetric measurement, ZP assess-
ment and HD and after 0, 1 and 24 h of incubation. ZP and HD of the NE/
mucin dispersions were measured by Zetasizer NanoZS90; turbidimetric
measurements were carried out at 650 nm by UV-Visible spectropho-
tometer (UH5300 UV-Visible Double-Beam Spectrophotometer (Hitachi
Europe, Milan, Italy).

2.9. Cell viability studies

Y-79 (Human retinoblastoma cell line) cells were used to evaluate
the cytotoxicity of developed emulsions. Each formulation was tested at
eight concentrations (in pg/mL): 0.05, 0.1, 0.25, 0.5, 1.0, 2.0, 4.0 and
8.0. This range of concentrations has been selected in accordance with
other previous publication proving to be acceptable for ocular
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administration [6]. Y-79 cells were kept in RPMI-1640, supplemented
with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, and anti-
biotics (100 U/mL penicillin and 100 pg/mL of streptomycin) in an at-
mosphere of 5% CO; in air at 37 °C. Cells were centrifuged,
re-suspended in FBS-free culture media, counted and seeded, after
appropriate dilution, at 1 x 10° cell/mL density in 96-well plates (100
pL/well). Emulsions were diluted with FBS-free culture media to achieve
the final concentrations and added to cells 24 h after seeding (100
pL/well). Cell viability was assayed with Alamar Blue (Alfagene, Invi-
trogene, Portugal) by adding 10% (v/v) to each well, and the absorbance
at 570 nm (reduced form) and 620 nm (oxidative form) was read 24 and
48 h after exposure, data were analyzed by calculating the percentage of
Alamar blue reduction (according to the manufactures recommenda-
tion) and expressed as percentage of control (untreated cells).

2.10. Statistical analysis

For the statistical analysis of NE characterization studies two-way
ANOVA was performed. Multiple comparisons were performed accord-
ing to Tukey’s test for ZP, HD, PDI, pH and osmolarity evaluation
respectively and Dunnett’s test for the Turbidimetric assay. Analyses
were performed using Prism 8 (GraphPad Software, Inc., La Jolla, CA,
USA), applying p < 0.05 as the minimum level of significance.

3. Results and discussion

Currently, topical administration remains the most common method
of treating ocular diseases given that it is associated with lower risk and
perceived ease of at-home patient administration. In this scenario, NE
formulations shown a good scope for the ocular drug delivery as phar-
maceutical products due to their transparency at enlarged droplet vol-
ume fraction, improved shelf life and advanced rate of bioavailability
[41]. The ternary phase diagram of almond oil NEs, with different sur-
factants (Tw80/Tw20) and buffers (Hepes/Palitzsch) was developed
(Fig. 1), and identifying the different homogeneous phase regions, it was
possible to select the optimal NEs in terms of HD, ZP and PDI.

In Fig. 1, the ternary phase diagrams of almond oil with Tw 80 or
Tw20 and Palitzsch buffer are shown. This study has been performed to
select the optimal ratio among surfactant/oil/buffer to obtain a stable
emulsion. Three different regions are shown, corresponding to homo-
geneous dispersions (darkest region), characterised by a visually clear
texture, and non-homogeneous dispersions, characterized by phase

Tween 80

@ Homogeneous Phases

Non-Homogeneous Phases

20
Borderline Phases

o Al

100
Almond o
oil

100 Palitzsc
buffer

40 50

60 70 80 90
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separation phenomena (lightest zone).

When Tween 80 was substituted with Tween 20, a preferential sol-
ubilization occurred, as shown in the ternary diagram, the darkest re-
gion in Fig. 1 is enlarged in the diagram with Tween 20, compared to the
diagram of Tween 80. Probably because the Tween 20 is localized itself
at the interfacial region by either immersing its polar headgroup within
the water pool/oil sub-phase or orienting its oxyethylene groups in close
vicinity of the head groups of the ionic surfactant [42].

Identical diagrams are obtained when the Hepes buffer was used
(data not shown). After the visual inspection the mixtures in the darkest
zone appear visually homogeneous but oil droplets show micrometric
size with high polydispersity index. The samples were then sonicated, to
select the formulation showing characteristics for an effective feasibility
for an ocular delivery [28,43,44].

In addition, to assure a sterility of final formulations, they were fil-
trated with a filter of 0.22 pm. By using a DLS, the mixture ratio of A, Al,
B and B1 have been selected because they have displayed nanosized
droplets with homogeneous populations after sonication, as shown in
Table 2. In fact, several researchers have demonstrated that a low HD
(less than 100 nm) may result in an improvement of ocular bioavail-
ability, increasing their retention in the eye and extending the drug
release [45]. The role of the surfactant concentration in NEs formation is
to modulate the droplet dimensions, strictly related to NE colloidal
stability. The increase of surfactant amount (samples Al and B1),
compared to the concentration of oil used (oil:surfactant ratio 1:2 and
1:4, Table 1), resulted in the decrease of droplet size, in both analyzed

Table 2
Sample hydrodynamic diameter (HD), {-Potential (mV) and polidispersity index
(PDD).

Sample HEPES PALITZSCH

HD (nm) ZP (mV) PDI + HD (nm) ZP (mV) PDI +

+SD +SD SD + SD +SD SD

A 35.0 + -10.0 + 0.01 + 39.1 + —10.0 + 0.01 +

4.3 2.5 0.002 4.7 3.0 0.003
Al 21.0 + 23.0 +

2.5 3.5
B 47.0 + 48.0 +

3.4 2.6
Bl 25.0 + 27.0 +

2.3 3.2

Tween 20
100

h Almond %
oil

0

10 20 30 40 50

60

@ Homogeneous Phases
(O Non-Homogeneous Phases

© Borderline Phases

Palitzsch

70 80 90 100 buffer

Fig. 1. Ternary phase diagrams of almond oil, Tween 80 (left diagram) or Tween 20 (right diagram), and Palitzsch buffer. The resulting phases observed were the
homogeneous phase (darkest area), the non-homogenous phase (lightest area) and the borderline phase region (slight lighted area). NE tested compositions have
been chosen in the dark region. Identical diagrams are obtained when the Hepes buffer was used.
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media (Table 2). Furthermore, the absence of droplet aggregation could
be assured by quite negative PZ values in all analyzed samples (Table 2).
Based on the obtained results, all selected formulations are suitable for
ocular delivery, where the stability and efficacy of an ophthalmic NEs
largely depend upon the HD and size distribution of the final
formulation.

DLS provides the HD and ¢-potential value, along with valuable in-
formation on the homogeneity of the NEs by PDI values. All samples are
highly homogenous, showing a PDI value lower than 0.2. NEs popula-
tion with limited dispersity (PDI<0.3) and reduced dimensions is
desirable for ocular administration [46].

To characterize the nature of the oil nanodroplets, microviscosity
and polarity have been evaluated through the fluorescence spectrum of
pyrene-loaded NEs (Table 3).

In this study, the pyrene probe has been used to obtain information
about the organization hierarchy of NEs. From the obtained data, listed
in Table 3, both monomer and excimer peaks are obtained when all
formulations are analyzed. In particular, the most suitable site of pyrene
in NEs under study was the interfacial region where it experienced an
environment of intermediate polarity due to the presence of both polar
and nonpolar regions. The formed interfacial area of formulated NEs is
sufficient to accommodate both the excited and ground state pyrene,
thereby facilitating the formation of the excited state complex. The ef-
fect of ionic charge of the surfactant was not realized as the polar heads
of ionic surfactants were oriented towards water molecules to avail
favourable ion-dipole interactions.

As shown in Table 3, all prepared NEs show quite similar values of
microviscosity and polarity, independently to the buffer or the type and/
or amount of the surfactant used for NE preparation. These results
suggest that pyrene is efficiently segregated from the water phase [47],
concluding that all the formulations have separate oil phase, in which
pyrene resides. No microviscosity variations were shown for all samples,
revealing the formation of the same inner structure of the dispersed oil
phase independently from used compounds [48].

According to above reported results, only data related to samples
prepared with Palitzsch buffer as external phase will be presented and
discussed when no significant differences between the two different
buffers were recorded.

Stability evaluation is a fundamental step in developing formulation
for pharmaceutical use, with particular attention to colloidal dispersion.
Besides size and {-potential of nanodroplets, several other parameters,
including pH, turbidity and osmolarity of the formulation, need to be
monitored and controlled in accordance with Pharmacopeia re-
quirements (European Pharmacopeia 10th Edn.) when developing an
ocular drug delivery system.

During their self-life, NEs should remain physically stable and it is
possible if no or minimal changes in terms of particle size distribution is
assessed [49], in fact a large droplet size could enhance Ostwald
ripening, allowing a droplet size increase leading the presence of crea-
ming/coalescence phenomena.

The ideal pH for an ophthalmic formulation should be equal to that
of tear fluid, which is about 7.4. It can be further widened into a range of
6.5-8.5, avoiding corneal injury [50]. In addition, because these for-
mulations should be administered as eye drops, the clarity of tested
samples was observed by visual inspection against a black and white

Table 3
Oil nanodroplet features (SD values are all in the range + 0.01-0.02).
Sample HEPES PALITZSCH
Polarity (I;/  Microviscosity (Ig/ Polarity (I;/ Microviscosity (Ig/
I3) I3) I3) I3)
A 0.88 2.98 0.85 2.80
Al 0.99 3.08 0.96 2.97
B 0.96 2.92 0.93 2.65
B1 1.01 3.19 1.03 3.00
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background under good light stirring samples by a swirling action in
order to avoid irritation or blurred vision [51].

As shown in Table 4, stability studies on NEs A in Palitzsch buffer
revealed that the formulation was stable after storage at 4 °C since no
significant difference in the particles size, PDI, ZP, turbidity and osmo-
larity were observed. Their stability was also confirmed at 25 and 40 °C,
since no variations of NEs A mean size were found, even if some slight
destabilization phenomena probably occurred as revealed by some
variation related to PDI (<0.3), ZP and pH values at these temperatures.
The zeta-potential values increased during storage, in modulus, from
—8.4 to —18.0 mV, for the sample A (composed by Tw 80, Table 4),
while no variation occurred for the sample B (composed by Tw20,
Table 5). This variation is probably due to the presence of different
double bond configurations in the hydrophobic chains of Tween 80. In
fact, the commercially available Tween 80, used for these studies, con-
tains mono- and di-fatty acid esters of polyoxyethylene (POE) sorbitan,
POE isosorbide and of POE [52,53]. Probably for this reason, the sur-
factant needs time for organize itself and stabilize the system [49], in
fact when fresh sample A is prepared already after overnight, the same
change of PZ was observed. Regarding the pH, it was still acceptable for
ocular preparations according to the literature [54].

Instead, stability studies of NE B demonstrated its higher stability as
compared to NE A since no significant differences of all checked pa-
rameters were observed at all temperatures tested (Table 5). This sample
shows variation in pH values after 15 and 30 days of storage at 25 and

Table 4
Physico-chemical properties of NE A after storage at 4, 25 and 40 °C up to 30
days. Significance was set as *p < 0.05; **p < 0.01; ****p < 0.0001.

NE A
HD (nm) + SD
Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 %RH
0 39.15 + 0.632 39.15 + 0.632 39.15 + 0.632
15 40.07 £+ 1.472 38.57 + 0.301 37.53 £ 0.628
30 40.91 + 1.570 39.23 + 0.847 37.51 £ 0.552
PDI + SD
Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 %RH
0 0.226 + 0.004 0.226 + 0.004 0.226 + 0.004
15 0.230 + 0.006 0.230 + 0.008 0.234 + 0.005
30 0.241 + 0.011* 0.260 =+ 0.005%*** 0.245 + 0.006**
ZP (mV) + SD
Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 %RH
0 —8.40 + 1.26 —8.40 &+ 1,26 —8.40 + 1.26
15 -10.30 £ 1.78 —16.70 £ 0.53 **** —15.30 + 2.31%***
30 —11.40 £ 0.75 —18.00 + 1.15 **** —15.10 + 1.90%****
pH + SD
Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 RH
0 7.25 £ 0.01 7.25 + 0.01 7.25 £ 0.01
15 7.24 £ 0.02 7.22 + 0.04
30 7.26 +£0.11 5.99 + 0.13*

Turbidity (A.U.)

Time (days) Temperature °C

25 °C/60 %RH

4°C
0 380.99
15 354.33
30 321.21

380.98
349.70
297.35

Osmolality (Osm/Kg) + SD
Time (days)

Temperature °C
25 °C/60 %RH

40 °C/75 %RH

4°C

0 0.196 + 0.01
15 0.196 + 0.02
30 0.213 £ 0.10

0.196 + 0.01
0.225 £ 0.01
0.230 £ 0.31

0.196 + 0.01
0.198 £ 0.02
0.220 + 0.20
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Table 5
Physico-chemical properties of NE B after storage at 4, 25 and 40 °C up to 30

days. Significance was set as *p < 0.05; ****p < 0.0001.

NE B

HD (nm) + SD

Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 %RH
1 48.50 + 0.688 48.50 + 0.688 48.50 + 0.688
15 48.73 £1.103 48.01 + 0.108 46.87 + 0.376
30 49.86 + 1.752 49.39 + 1.070 47.49 + 0.317

PDI + SD

Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 %RH
1 0.235 + 0.015 0.235 + 0.015 0.235 + 0.015
15 0.234 £ 0.010 0.232 + 0.005 0.234 + 0.006
30 0.232 + 0.009 0.239 + 0.006 0.234 + 0.008

ZP mV + SD

Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 %RH
1 —15.10 + 2.75 —15.10 + 2.75 —15.1 +£2.75
15 —12.10 + 0.68 —18.00 + 1.21 —15.6 & 1.00
30 —13.40 + 0.06 —18.80 + 0.66 -17.1 +£1.97

pH + SD

Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 %RH
1 7.10 £ 0.01 7.10 £ 0.01 7.10 £ 0.01
15 7.09 + 0.14 7.01 + 0.20 6.80 + 0.31*
30 7.09 £ 0.11 5.52 4 0.03**** 6.32 & 0.01%***

Turbidity (A.U.)

Time (days) Temperature °C

4°C 25 °C/60 %RH
0 430.90 430.90
15 422.34 400.31
30 405.63 373.49

Osmolality (Osm/Kg) + SD
Time (days) Temperature °C

4°C 25 °C/60 %RH 40 °C/75 %RH
0 0.200 + 0.01 0.200 + 0.01 0.200 £ 0.10
15 0.202 + 0.21 0.206 + 0.03 0.205 + 0.04
30 0.230 £ 0.04 0.230 + 0.21 0.225 + 0.02

40 °C, a phenomenon probably due to the absence of preservative agents
in both samples.

Variations of all these parameters at the two different temperatures
were recorded over 3 months (Fig. S1, Table S4, Table S5, Supporting
Materials) showing a similar trend for all samples.

Another parameter that ensures low eye irritancy is the osmolarity,
which is for the tear film of 290 mOsm/L [55], in homeostasis with the
blood. Osmolarity is associated to the tonicity of a solution in reference
to a membrane. More important than isotonicity of ocular solutions is
the osmolality which is independent of any membrane. An ocular
formulation with an osmolality value lower than 100 mOsm/kg and
higher than 640 mOsm/kg is considered as eye irritant [56].

Furthermore, hypotonic formulation to the ocular surface should be
preferred since it may cause osmotically-induced water absorption upon
application. This allows the formation of a uniform thin layer that
conforms to the ocular surface and resists clearance from blinking,
significantly increasing the intraocular absorption of the delivered drug
[57]. Moreover, since different ocular inflammatory conditions are
associated with tear film hyperosmolarity, the application of hypotonic
eye drop formulation can be beneficial to restore physiological tear film
isoosmolarity [58].

As shown in Table 6, NEs prepared with Palitzsch buffer showed
osmolality values well-tolerated by the eye but NEs prepared with Hepes
buffer showed values below the range considered non-irritant. For this
reason, even if the NEs physical chemical characteristics are similar
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Table 6
Osmolarity evaluation (SD values are all in the range + 0.01-0.03).

Sample Osmolality (Osm/Kg)
HEPES PALITZSCH
A 0.030 0.180
Al 0.031 0.185
B 0.030 0.195
Bl 0.032 0.196

when prepared with both buffers, we could consider Palitzsch NEs more
suitable for ocular delivery.

Another important aspect to be considered is the evaluation of NE
stability when they are in contact with biological fluids. The effect of
artificial tears on the stability of the NEs was evaluated in terms of HD
and ZP of the nanodroplets were checked by DLS performed at 34 °C up
to 3 h. All NEs showed the same trend: the size (Fig. 2) and {-potential
(data not shown) values are maintained in presence of artificial tears.

After this deep physico-chemical characterization, all selected for-
mulations have demonstrated good features for ocular delivery. By
reason of the potential antioxidant, antinflammatory and antimicrobial
properties of almond oil, the formulations with higher amount of
almond oil, A and B, have been selected for the following studies.

An ocular formulation with suitable adhesion force is expected to
increase the retention time and slow down the drug release providing
high therapeutic efficacy and improved patient compliance.

To evaluate the potential mucoadhesive properties of NEs A and NEs
B in Palitzch buffer, the interaction with mucin was evaluated over a
period of 24 h, comparing the absorbances at 650 nm of the native
mucin and different dispersion obtained incubating the NE with native
mucin (Fig. 3). Absorbance measurement was reported to give a rough
estimation of particle-mucin interaction [59]. The mucoadhesive
interaction between particles and mucin results in the adsorption of the
mucin around the surface of the particles with a consequent slight ag-
gregation that can be detected as an increase in UV absorbance [60].

As shown in Fig. 3, the turbidity of NEs B-mucin dispersion was
higher than the turbidity of mucin dispersion itself after 1 h of incuba-
tion suggesting the occurrence of interactions.

To deeply investigate NE mucoadhesive behavior, mucin particle
method was performed. It is a general test useful for the preliminary
evaluation of mucoadhesive properties of materials and/or nanocarriers
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Fig. 2. Sample stability in artificial tears for samples prepared with Pal-
itzch buffer.
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Fig. 3. In vitro assessment of mucin interaction with NEs A and NEs B by turbidimetric assay at 650 nm. Significance was set as ****p < 0.0001.

by measuring variation in HD and ZP after incubation with mucin
glycoprotein [61,62].

Particle-mucin interactions were furtherly confirmed by ZP and HD
measurements. According to turbidimetric evaluation, significant
change in ZP value and HD were detected for NEs B upon incubation
with mucin at all time points considered (Fig. 4 and Fig. 5) confirming
the mucoadhesive properties of this formulation compared to NEs A.
This data are in agreement with previous studies [63], where pegylated
particles obtained by Tw20 have shown to possess high affinity to
adhere to intestinal mucosa.

Interaction between mucin and other entities can be affected by
different factors, those associated directly with the nature of the inter-
acting component (e.g., molecular weight, surface charge, conforma-
tion) and those associated with external factors (e.g. temperature, pH,
concentration, ionic strength). Here, the different behaviour between
mucin and NEs A and NEs B was due to the different composition of NEs.
The presence of Tween 20 affected the interaction of NE with mucin
probably due to the high concentration of hydroxyl group at the end of
PEG chains on NE B surface. The formation of hydrogen bonding be-
tween NE B and mucin could be responsible of such interaction. More-
over, the lower interaction of Tween 80 with mucin was probably due to
the effect of the steric hindrance provoked by surface extending
aliphatic chain on the surface of the NE A [64]. These findings are
probably due to the different chain flexibility and spatial conformation
of Tween 20 compared to Tween 80. Being Tween 20 constituted of
lauric acid (C12) attached to the polyoxyethylene sorbitan part of the
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Fig. 5. NE mean size (HD, hydrodynamic diameter) before (NEs A; NEs B) and
after (NEs A-Mucin; NEs B-Mucin) 0, 1 and 24 h of incubation with mucin at
37 °C. Significance was set as **p < 0.01; ****p < 0.0001.
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Fig. 4. NE zeta potential (ZP) before (NEs A; NEs B) and after (NEs A-Mucin; NEs B-Mucin) 0, 1 and 24 h of incubation with mucin at 37 °C. Significance was set as

***p < 0.001; ****p < 0.0001.
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molecule, presents higher chain flexibility compared to Tween 80
composed by oleic acid (C18) presenting a folded alkane chains con-
taining one double bond between C9 and C10 with the cis configuration.
The greater flexibility of the Tween 20 chain could cause the greater
diffusion into the mucus network of ocular tissue. Moreover, Tween 20
probably showed greater mucoadhesive strength having a linear
conformation that promote the interdiffusion and interpenetration be-
tween its chain and mucin network creating a great area of contact. In
the case of Tween 80, its spatial conformation probably may shield
various active groups, that are primarily responsible for mucoadhesion,
thus reducing its mucoadhesive strength [65].

The ability of NE B to interact with mucin is promising for the
intended application. One of the main issue of ocular administration is
the limited drug absorption in the eye tissues. The application of NE B
could prolong the residence time of the loaded drug on the corneal
surface preventing its rapid clearance and create a concentration
gradient of the drug at the site of application. All these factors would
promote the maximal drug absorption and enhance bioavailability at
reduced drug concentrations [66].

The cytotoxicity of the different NEs was studied using the Alamar
Blue reduction assay in Y-79 (Human retinoblastoma cell line) cells
[67]. Although the epithelial cell lines from cornea and conjunctiva are
the first cells coming into contact to any topical formulation instilled
onto the eye, Y-79 cells were selected as these are the most commonly
used preclinical model in the screening of ocular formulations [68].
Besides, Y-79 cells have also been proposed in screening antioxidants
[69].The results obtained for the cell viability are given in terms of
percentage of control after comparison to values obtained for
non-exposed cells (control): NEs show no toxicity (Fig. 6), when
compared to control (0 pg/mL). These results (e.g. cell viability above
70% of the control) are in accordance to the presence of a safe material
as reported in literature [70,71]. Therefore, none (or very little) toxicity
can be related to the slightly negative surface charge of NE nano-
droplets, known to exhibit less toxicity on biological membranes, in
comparison to positively charged ones [71,72]. The cell viability results
of sample A and sample B, recorded for all tested concentrations
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screened in Y-79 cell lines, confirm biocompatibility of both samples in
an intra-ocular tumor cell line. This is relevant also considering that
nanomaterials instilled onto the eye may reach the posterior segment
[73].

4. Conclusions

In this work, O/W NEs for potential ocular delivery by using almond
oil were prepared and optimized. In particular, the goal of our formu-
lations has been to obtain ophthalmic formulations with ideal features.
All nanoemulsion components are chosen because they are safe for
ophthalmic use and to take advantage of their inner biological activity
and less cytotoxicity. The formulated O/W NEs have been prepared and
sterilized with a very fast and easy method. All selected formulations
have shown nanometric droplet size, negative {-potential and mono-
disperse population. Stability studies have proved their robustness over
time. Furthermore, acceptable pH, microviscosity, polarity and osmo-
lality values have revealed their suitability for ocular delivery. O/W NEs
possessed in vitro mucoadhesive properties and they were stable in
marketed eye drops. Finally, the proposed nanoformulations revealed no
cytotoxicity against Y-79 cells. The obtained results confirm that O/W
almond oil NEs, stabilized by Tween 20 or 80, can be promising and safe
nanocarrier for ocular delivery.

A step forward will be the loading of lipophilic active substances in
the selected NEs to exploit oil antioxidant activity thereby combining
different therapeutic effects.
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