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Sintesi

SINTESI

Oggigiorno, il focus della ricerca farmaceutica ¢ centrato sul superamento dei limiti delle
forme farmaceutiche convenzionali, tramite 1’utilizzo dei sistemi di rilascio (drug delivery
systems, DDS), con la finalita di migliorare la biodistribuzione dei principi attivi. Tra i
vantaggi di queste piattaforme tecnologiche, ¢ importante ricordare, ad esempio, la capacita
di incapsulare farmaci idrofili, generalmente soggetti a rapida degradazione dopo la
somministrazione. A tal proposito, ¢ stata sviluppata una piattaforma microemulsiva
trifasica (W/O/W) per la potenziale veicolazione di molecole idrofile o vaccini tramite la
via mucosale nasale, rivalutata recentemente per i suoi vantaggi in termini di compliance e
risposta immunitaria. Tra gli altri vantaggi dei sistemi di rilascio, se opportunamente
progettati, ¢ la capacita di superare le barriere biologiche e di veicolare il principio attivo
al sito target con una maggiore efficienza, che risulta molto importante, ad esempio, nelle
terapie delle malattie neurodegenerative. L’inalazione di oli essenziali ¢ nota da secoli
(detta aromaterapia), e, sulla base di cio, dopo aver approfondito 1’utilizzo terapeutico di
tali composti naturali, ¢ stata progettata la loro veicolazione all’interno di sistemi di
rilascio, in particolare tramite carrier lipidici nanostrutturati (NLC), per la potenziale
somministrazione intranasale nel trattamento coadiuvante nelle patologie
neurodegenerative; tale via di somministrazione, detta anche nose-to-brain, permette un
diretto raggiungimento del sistema nervoso centrale, bypassando la barriera emato-
encefalica. Un’altra importante barriera fisiologica ¢ presente a livello oculare e, tramite
barriere fisiche e meccanismi di protezione, diminuisce drasticamente la biodisponibilita
dei principi attivi instillati topicamente. Per tale ragione, il trattamento di patologie
dell’occhio interno, come I’aggressivo melanoma uveale, risultano ad oggi difficoltose. In
tale contesto, la veicolazione dei principi attivi tramite sistemi di rilascio risulta
vantaggioso nell’evitare la rapida eliminazione del principio attivo tramite la lacrimazione
e I’ammiccamento, e nel veicolare il farmaco al sito target, posto nel segmento posteriore
dell’occhio. Il targeting di questo tumore oculare ¢ stato proposto tramite due piattaforme:
un sistema di particelle lipidiche solide (SLN) caricate con sorafenib, e sistemi di carrier
lipidici nanostrutturati (NLC) in cui ¢ stato incapsulato il farmaco di nuova sintesi MRJF22.
Dopo un approfondimento bibliografico sulle potenzialita delle tecniche di fluorescenza a
livello oculare, sia nella diagnostica che nella biodistribuzione, tali conoscenze sono state
applicate tramite studi in vivo al fine di verificare il potenziale utilizzo delle piattaforme

sviluppate nel trattamento del melanoma uveale.




Abstract

ABSTRACT

Nowadays, the focus of the pharmaceutical research is addressed to the overcoming of the
limits of the conventional dosage forms, through the use of drug delivery systems (DDS),
aiming to improve the biodistribution of the encapsulated active drugs. Among the
advantages of these platforms, it is worth to be mentioned the ability to encapsulate
hydrophilic drugs, which generally are quickly degraded after administration. Basing on
this, a triphasic microemulsion water-in-oil-in-water (W/O/W) was developed for the
potential delivery of hydrophilic molecules or vaccines through the nasal mucosal route,
which was recently reconsidered because of its properties of high patient compliance and
immune response. Among the advantages of the drug delivery systems, if opportunely
designed, there is also the capability to overcome the biological barriers and to deliver the
drug to the target site with higher efficiency, which is an important feature in the treatment
of neurodegenerative diseases, for instance. Inhalation of essential oils is known from
centuries (defined aromatherapy), and, for this reason, after deepening the therapeutical
applications of these natural compounds, it was developed their vehiculation into DDS, and
nanostructured lipid carriers (NLC) in particular, for the potential intranasal administration
in the adjuvant treatment of the neurodegenerative pathologies; this administration route,
also called nose-to-brain, allows a direct achieving of the central nervous system, bypassing
the blood brain barrier. Another important physiological limit is at ocular level, and,
through physical barriers and protection mechanisms, it reduces drastically the
bioavailability of the topically instilled drugs. For this reason, the treatment of the
pathologies of the inner eye, as the aggressive uveal melanoma, is still difficult. In this
framework, the delivery of the active molecule through DDS is advantageous since it
avoids the quick elimination trough lacrimation and blinking and allows the delivery to the
target site in the posterior segment of the eye. The targeting of this ocular tumor was
investigated through two platforms: a solid lipid nanoparticles (NLC) platform loaded with
sorafenib, and nanostructured lipid carriers (NLC) platforms in which the new synthetized
MRIJF22 was encapsulated. After a detailed bibliographic study on the potentiality of the
fluorescence techniques in the ocular field, both in diagnostics and biodistribution, this
knowledge was applied through in vivo studies aimed to the assessment of the potential use

of the developed carriers in the treatment of uveal melanoma.
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Introduction

1 INTRODUCTION

1.1 Limits in conventional dosage forms

Nowadays, the interest of researchers in the pharmaceutical field is mainly focused on the
overcoming of the drawback of the conventional pharmaceutical forms, which could be
related to the drug itself and to the formulation limits related to each specific route of
administration'.

The nature of the drug itself — hydrophilicity/lipophilicity, molecular weight, degradation
after administration (depending on the route), etc. — influences the development of the
delivery platform. Moreover, conventional pharmaceutical forms are often not able to
maintain an adequate drug level as long as required for the therapeutic activity.

The difficulty to maintain drug level in the therapeutic window is usually related to its
incapability to successful cross the biological barriers, to reach the target site, or to its fast
metabolism or inactivation due to enzymatic reactions, etc. Currently, various strategies are
used to guarantee the maintaining of the therapeutical dose from conventional dosage
forms, such as repeated drug doses during the day or administration of higher amounts of
drug; the drawbacks of these approaches are the increase of toxicity related to dose
fluctuation and the appearance of greater adverse effects, which lead to low patient
compliance?.

Furthermore, depending on the administration site, the presence of physiological barriers
could decrease even more the amount of drug that is efficiently able to reach the target site.
Clinical barriers, such as individual variability, diseases conditions, as well could influence
the effectiveness of the treatment, especially for enteral routes where the gastrointestinal
transit time or the fed state could have a remarkable impact'.

A summary of the most important advantages and limits of the main administration routes

is reported in Table 1.
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Table 1. Most important advantages and disadvantages of the main administration routes.

Route of .
administration Advantages Disadvantages
= Rapid onset of activity.
= Almost complete bioavailability. = Painful.
Intravenous® = Avoid first-pass hepatic = Infection risk.
metabolism. = Need of specialized professionals.
= Administration in not-collaborative = Fast circulation dose.
“ patients.
Q - - P N
§ = Absence of fast circulation dose. : PAam.at the (sine 9f H}sz t1ont.' t
S » Hich absorbtion and nxiety and pain of the patient.
~ 4 g I'p [ ]
g Intramuscular bioavailability Dose should be adjusted
3 ) . considering muscle mass.
§ = Useful for a great variety of drugs. = Need of specialized professionals.
;f = Useful for bigger molecules.
= Could be self-administered. = Absorption influenced by fatty
= Shorter infusion time and less tissue.
Subcutaneous®®  adverse effect compared to = [rritation and pain.
intravenous. = Frequently change the site of
= Slow and sustained absorption and administration.
diffusion.
= Degradation of drug.
= Convenient administration. = High variation of absorption and
= High compliance. bioavailability.
= Not invasiveness. = [nactivation of drugs by acid pH of
Oral’ = Cost effectiveness. stomach.
= Patient preference. = First-pass hepatic metabolism.
= Direct targeting for gastrointestinal = Absorption influenced by ingestion
pathologies. of food.
o = Some drugs could cause irritation.
2 = Convenient administration. -
3 . .
S = Avoid first-pass hepatic i Pglatablhty.
~ . . = Difficulty to not swallow.
< Sublingual and metabolism. A . .
N 5 . o = Rapid dissolution if there is a lot of
S buccal = Low infection risk. salivation
S = Rapid absorption into circulation. . S .
Y = Rapid onset of activity = Risk of accidental aspiration.
= Safe and convenient.
: aHdlill;r?iIs?;)alllanlL of dosage = Not suitable for some hydrophilic
. : . compounds.
Rectal’ : ﬁ‘éggo?irsipass hepatic = Some drugs could cause irritation.

= Useful in emergencies.
= [ ess drug degradation compared to
oral route.

= High variation of absorption.
= Poor patient compliance.

Topical-systemic routes

Inhalational'®

= Large absorption area.

= Avoid first-pass hepatic
metabolism.

= Direct targeting for respiratory
pathologies.

= Higher effectiveness requiring
lower doses.

= Lower systemics levels and adverse
effects.

= Size discrimination in absorption.

= Mucus causing rapid clearance.

= Incorrect self-administration
procedure.

= Necessity of appropriated device.

= More expensive production.

Transdermal'!

= Avoid first-pass hepatic
metabolism.

= Reduced systemic absorption.

= High compliance.

= Skin permeation related to drug
characteristics (required low
molecular weight, high
lipophilicity, etc).
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Local routes

Rout.e 0 f . Advantages Disadvantages
administration
" High permea bility compared to = Ciliary movement and mucus
gastrointestinal mucosa. . . ’
= Rapid absorption. causing yapl.d clearance.
Intranasal'? = Avoid first-pass hepatic " Metabolization through enzymes

metabolism.
= Safe and convenient.
= High compliance.

and drug loss.
= Low bioavailability.
= Damage of nasal mucosa.

Ophthalmic’

= High compliance.
= Not invasive.
= Easiness of administration.

= Very low bioavailability.
= Difficulty to reach the posterior
chamber with therapeutic doses.

Skin topical'4

= High compliance.
= Not invasive.
= Easiness of administration.

= Skin diffusion related to drug
characteristics (small size,
lipophilic or amphiphilic, etc).

= Prolonged release.
= Avoid first-pass hepatic

= Mainly for local treatments.
= Barrier of cultural beliefs.

metabolism.
= Reduced systemic absorption.
= Decrease side effect.
= Direct targeting for vaginal
pathologies.

= Low compliance in sexually active
women.

= Local irritation.

= Variation of absorption.

Vaginal'’

In the following paragraphs, firstly it will be presented a general description of the carriers
developed in the framework of this PhD project, as well as the characterization techniques
used. Subsequently, the three main targets — nasal mucosal delivery, nose to brain
administration and topical ophthalmic instillation — will be discussed in detail, focusing on
the barriers involved and on the advantages of the use of these nanosystems to successfully

deliver hydrophilic and lipophilic molecules with target action.

1.2 Lipid-based Drug Delivery Systems

Aiming to improve drug bioavailability, overcoming its limits and bypassing the
physiological barriers to reach the target site, different types of drug delivery systems
(DDS) were developed. Among them, lipid-based drug delivery systems are being
extensively investigated by the researchers, because of their great advantages, especially
for being biocompatible and biodegradable'®. Moreover, other advantages include their
high encapsulation efficiency, the capability to provide a controlled drug release, the
possibility to encapsulate lipophilic or hydrophilic molecules, their versatility'’.,

Lipid-based drug delivery systems could be classified as reported in Figure 1'”.
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Lipid-based drug delivery systems

Lipid particulate

Emulsions Vesicular systems
Y systems

* Microemulsions * Liposomes * Lipospheres
+ Self-emulsifying DDS + Niosomes + Solid lipid
(SEEDS) +* Pharmacosomes micropal'ticles
* Nanoemulsions « Phytosomes * Solid lipid nanoparticles
* Pickering emulsions » Transfersomes * Nanostructure lipid
« Ethosomes CHIHERS
« Archacosomes + Lipid drug conjugates
* Vesosomes
« Colloidosomes
« Herbosomes

Figure 1. Classification of lipid-based drug delivery systems. The ones investigated in this PhD project are

underlined.

The DDS of interest for this thesis are: microemulsions, solid lipid nanoparticles (SLN)
and NLC, that will be discussed in terms of their general features.
It will follow a synthetic description of the rationale behind the main characterization

studies performed in the framework of this project.

1.2.1 Microemulsions

An emulsion can be defined as a dispersion of two immiscible liquids stabilized by the
presence of surfactants'®. Considering the droplet size, emulsions are classified as
macroemulsions (>400 nm), nanoemulsions (200-400 nm) and microemulsions
(< 200 nm)", while, depending on the external phase, biphasic emulsions are divided in
water-in-oil (W/O) and oil-in-water (O/W)* (Figure 2). For their composition, the system
is regulated by a fine equilibrium between two opposed forces, surface energy and entropy:
increasing the number of droplets causes an increased entropy, and also causes an increased
surface energy?’. For this reason, slight changes in the composition could affect the balance
of the system and thus its characteristics. As mentioned above, the role of the surfactant is
to lower the interfacial tension and decrease the free energy of the system?®!, thus it
influences the structure of each drop, their curvature and rigidity*>?. Therefore, the mixture
of surfactants have to be carefully selected, basing on Griffin’s hydrophilic lipophilic
balance (HLB)*, which is 2-7 for hydrophilic emulsifiers and 6-16 for lipophilic
emulsifiers”, and also on Bancroft rule, which states “a hydrophile colloid will tend to
make water the dispersing phase while a hydrophobic colloid will tend to make water the
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Due to their structure, microemulsions are able to deliver hydrophilic or lipophilic drugs,
or also both at the same time, overcoming drug solubility issues and thus making these
systems versatile in their application. Moreover, the presence of high amounts of
emulsifiers and the high contact area with the administration site guarantee a high
interaction with the tissues thus enhancing the absorption of the loaded drugs®*; on the other
hand, it could also be a disadvantage, since surfactants could be toxic over certain
concentrations®’. Additional advantages are the ability of the inner phase to act as a
reservoir, producing a prolonged absorption'®, the easiness of the preparation method,
which allows scalability, and the biocompatibility, that is related to the materials used.

Considering the challenging delivery of hydrophilic molecules, W/O microemulsions
represent a successful strategy to overcome solubility problems, even if some

disadvantages, such as lipid oxidation, could limit their therapeutical application’®.
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Figure 2. Schematic representation of emulsion types. In yellow is represented the oily phase, and in blue the
aqueous phase. The surfactants are represented in green (HLB 2-7) and in pink (HLB 6-16).

More innovative systems as the multiple or double emulsions were developed, performing
a further inversion of the double emulsion into an external phase. There are two types of
multiple emulsions, water-in-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/O),
where the inner and the outer phase could also be different®” (Figure 2). A critical step in
the development of a multiple emulsion is the choice of the surfactants, since appropriate
lipophilic and hydrophilic emulsifiers are needed®®. Multiple W/O/W emulsions, in
particular, result to be promising since they are able to overcome the degradation risk of
the W/O external oil; moreover, they can deliver hydrophilic molecules in the inner water
phase, and eventually also a lipophilic drug in the oily middle phase™.

Administering heat or stirring energy to overcome the interfacial tension of the raw
materials (which is lowered by the presence of surfactants), microemulsions could form
with a low-cost and low-energy preparation method?’.

Instability phenomena affecting the microemulsions are:
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e Coalescence: occurs when droplets merge together and affects mainly the inner
water phase®.

e Sedimentation: it is the separation of aqueous and oily phases; following the Stokes
law, an increase in the amount of the inner phase causes an increased viscosity,
which stabilizes the system®".

e Creaming: is the irreversible breaking of the interface between the phases; it could
be avoided through the increase of the density and the decrease of the droplet size?'.

e Flocculation: occurs when electrostatic repulsive forces are overpowered by Van
der Waals interactions®?, thus causing the merging of droplets; it could be promoted
by an excessive amount of surfactant.

e Ostwald ripening: consists in the merging of small droplets into the bigger ones,

which, in final extreme conditions, could lead to a phase inversion®’.

1.2.2 Solid lipid nanoparticles and Nanostructured lipid carriers

Solid lipid nanoparticles (SLN) were known as lipospheres® and were firstly defined by
Miiller and Lucks in a patent about thirty years ago® . SLN are characterized by the presence
of a core constituted of solid lipids at room temperature, surrounded by surfactants in order
to emulsify the colloidal dispersion in the aqueous external phase. The production of SLN
needs the addition of energy to the system, since they are not able to form spontaneously;
for this reason, they could be subjected to instability phenomena, and certain strategies are
required to prevent the aggregation processes, such as electrostatic stabilization®*®,
Considering the different possibility for drug localization into the lipid core, three
structures can be identified (Figure 3). The homogeneous matrix model (type I) occurs
when the drug is homogeneously dissolved into the lipid matrix and could be obtained both
with high-pressure homogenization and hot homogenization. When using the hot
homogenization method, a drug-enriched shell model structure (type II) could be obtained,
in case that the lipid core precipitates sooner, and the drug locates in an outer shell; type 11
SLN provide an immediate release of the drug. Finally, drug-enriched core model (type I1I)
is obtained when the concentration of the drug in the lipid is almost reaching the saturation,
so it precipitates forming an inner drug-rich shell, surrounded by the lipid which is able to
provide a slow and prolonged release of the encapsulated drug®”.

Depending on the materials used, these nanoparticles could be highly biocompatible and
versatile. Other advantages are the improvement of drug absorption and the targeted
delivery; on the counterpart, the rigid structure of the SLN could decrease drug loading and

promote drug expulsion during the storage*.
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Figure 3. Schematic representation of SLN and NLC structures. In orange is represented the surfactants
corona, in yellow the liquid lipid, in pink the drug.

Nanostructured lipid carriers (NLC) were proposed to overcome these limitations of SLN,
by introducing in the core structure a liquid lipid at room temperature, thus forming more
imperfect structures which are able to incorporate higher amounts of drug. Moreover, this
composition of the core guarantees a certain rearrangement of the particle matrix thus
reducing drug loss during storage, with the consequent improvement of their physical
stability™.

Depending on the selection of the lipids, different NLC structures could be obtained (Figure
3). Mixing different chain length lipids or mono-, di- and triglycerides, an imperfect crystal
structure (type I) is obtained, which is associated with the higher drug encapsulation among
NLC. The use of medium chain length lipids and solid lipids promotes the formation of
amorphous cores (type II), but, since the solid lipid does not crystallize, it reduces the
occurrence of drug expulsion during storage, compared to SLN. Finally, multiple type cores
(type III) could be obtained by mixing a solid lipid with oils or medium/long chain
triacylglycerols, with the oil being used at amount lower than its solubility in the solid lipid,
in order to create oil nano-compartments inside the core.

Both SLN and NLC have particle size between 40 nm and 1000 nm*, even if it was
demonstrated that, using the same amount and type of surfactants, the same amount of total
lipids and the same preparation method, SLN could present a mean particle diameter greater
that NLC (297 nm vs. 210 nm)*'. Among the various production methods suitable to obtain
SLN and NLC, the phase inversion temperature (PIT) method has the great advantage of

being eco-sustainable. Briefly, the lipidizc and aqueous phases are separately heated over
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their transition temperature (until about 90°C); then, the aqueous phase is added dropwise
to the lipidic phase under constant stirring, and finally the system is left to cool until room
temperature obtaining the phase inversion*’. This method has aroused great interest among
researchers for being an organic solvent-free and low energy technique, thus potentially
decreasing the ecological impact in the event of an industrial scale-up®; at the same time,
the produced nanoparticles maintain optimal features in terms of size and homogeneity**.

Among the instability phenomena affecting SLN and NLC, nanoparticles have a certain
tendence to fuse, especially if they are very small, thus inducing the loss of the encapsulated
drug. Different strategies have been proposed to overcome thus drawback, such as the

addition of a PEG coating or charged coating®, that will be discussed afterwards.

1.2.3 DDS characterization

1.2.3.1 Particle size and polydispersity index

One of the main features that should be assessed for lipid-based nanosystems is mean
particle (or droplet) size, defined as Z-Ave. This parameter is crucial in determining the
fate of the nanosystem after the administration. First of all, it determines if the carrier is
able to be absorbed, depending on the specific features of the administration route. For
instance, in pulmonary drug delivery the particle size has the significant role of determining
which pulmonary region can be reached®, and it is also restrictive in drug delivery to the
brain through the Blood Brain Barrier (BBB) or to the deeper skin layers through
transdermal delivery*®¥’. A wider size range could be accepted for ocular administration,
with an optimal 50-150 nm size to achieve the inner eye48, while for nasal administration,
a wider range is able to provide epithelial adsorption, from 65 to 300 nm*’; in general,
smaller particles result to be better tolerated™.

Furthermore, after being absorbed, nanoparticles should arrive to the target site and interact
with the cells, which are also crucial steps in determining the success of the developed
carriers. In fact, usually nanoparticles cellular uptake occurs by endocytosis: it was found
an optimal size of 50 nm even if it strongly depends on the type of cells considered and on
eventual surface modifications®',

Finally, particle size was defined as “critical quality attributes (CQAs)” FDA’s “Guidance
for Industry” referring to liposomes™.

Particle size is usually measured by Photon Correlation Spectroscopy (PCS), also named
Dynamic Light Scattering (DLS). It is based on the measurement of the intensity of the
scattered angle that a light ray undergoes after passing through a particles’ dispersion. The

scattering is measured in function of time, since, depending on the Brownian motions, small




Introduction

particles move faster while big particles move slower, thus differently affecting the
intensity of the scattering™.

The same instrument also allows the measurement of the polydispersity index (PDI), a
parameter which describes the size distribution thus providing information about the
homogeneity of the samples. Its values could range from 0.0 (which means that the sample
is a perfect mono-dispersion) to 1.0 (for highly multi-dispersed samples). For lipid
nanoparticles, the carrier could be considered acceptably homogeneous if PDI value is

above 0.3%,

1.2.3.2  Zeta Potential

Zeta Potential (ZP) gives a quantification of the superficial charge of the nanoparticles and
is measured by electrophoresis light scattering (ELS). Through the application of an electric
field in the sample, nanoparticles move towards the electrodes with opposite charge, and
their charge will determine the rapidity®®. Thus, this instrument is able to measure the
difference between the electric potential on the nanoparticles surface and the one of the
solution where they are dispersed™, giving information about particles’ superficial charge.
ZP measurement is fundamental because it allows to predict the stability of the sample. In
fact, aggregation could be a consequence of particles interaction’’, and, for this reason,
markedly positive or negative charge (> £30 mV) provides electrostatic repulsions that
could prevent the occurrence of aggregation, coagulation and flocculation®®. This analysis
gives general information about stability, that needs to be properly assessed through
specific methods (as furtherly discussed).

Furthermore, ZP influences cellular uptake, since membranes glycosaminoglycans are
negatively charged; for this reason, cationic nanoparticles could strongly interact through
electrostatic attraction, thus being highly internalized into cells. Tumoral cells show even
more negatively charged surface for their ability to translocate negative components on
their membranes. On the other hand, negatively charged nanoparticles could be non-
specifically internalized or could interact with the cationic domains present on the cell
membranes. Considering the different cell target, ZP should be appropriately optimized in
order to favor cellular uptake™.

Since cellular surface is usually negatively charged, ZP could actually influence
nanoparticle absorption depending on the administration route. Skin drug delivery, for
example, requires cationic nanoparticles due to the presence of phosphatidyl choline™, as
well as nasal mucosal or ocular delivery due to the presence of the negatively charged
mucin on the mucosae™®. Brain targeting also involves electrostatic interactions with

negative residues in order to penetrate using the adsorptive mediated endocytosis®'.




Introduction

Actually, in the design of a drug carrier, it is also mandatory to take into account the
cytocompatibility of the carrier. In fact, in literature it has been extensively reported that
cationic additives could be more cytotoxic, thus compromising the effective therapeutic
use of cationic particles®”. As reported by Wei®, cationic liposomes caused cell
depolarization followed by a charge-dependent necrosis. As they reach the bloodstream,
cationic nanoparticles could cause hemolysis by interaction with blood components®;
moreover, cationic particles are susceptible to macrophages clearance which reduces their

availability and increases liver accumulation®.

1.2.3.3 pH

pH describes the concentration of H ions in a solution and it is finely balanced in the
human body, with specific tolerated ranges for each organ, in order to maintain the integrity
of the tissues and the functionality of the enzymes®. The presence of buffers in the body
allows to guarantee this balance, and values of pH outside of the physiological range are
usually symptoms of pathologic states. The so-called “physiological pH” is referred to the
blood pH, which goes from 7.36 to 7.42%, which is similar to the interstitial fluids’ pH
range (7.35-7.45); a slight change in blood pH of 0.2 could determine death for acidosis
or alkalosis®. pH of saliva is about 6.7, helping to protect from various diseases and
inflammation, and to avoid teeth damage®. Gastrointestinal pH values differ depending on
the region, since it has a role in the digestive process. An empty stomach has about a 1-1.5
pH, and this value is neutralized by the bile during digestion; if this equilibrium is altered,
inefficient digestion, microbial infections or ulcers could occur®™®’. Lungs have a neutral
pH which could change in presence of pathologic conditions such as cystic fibrosis or
infections™. Acidic pH values are physiological in skin (4-6.5) and vagina (4), having the
role of protecting from environmental pathogens®’. Similar pH values are physiological for
nasal mucosa (4.5-6.5): even if a wide range of values is tolerated’', pH should not be
lower than 3 or higher them 10 to avoid irritations’>. Eye physiological pH is the one of
tears (7.11 £ 1.5), and liquid preparations for ophthalmic instillation are required — from
European Pharmacopoeia and FDA — to have pH between 6.8 and 7.4"; in fact, pH should
be finely balanced to avoid ocular chemical damage, which could occur with values of
pH<4 or pH>10"". Taking into accounts the administration route, pH value of the
formulation has to be evaluated, in order to fall within the tolerated range for the intended

organ.

10



Introduction

1.2.3.4 Osmolality

Osmolality is the parameter which quantify the milliosmoles of solutes per liter or per
kilogram, and is proportional to the osmotic pressure’”. This parameter has a great
importance since determines the cell volume and could affect cells growth and metabolic
activity’®”’. In fact, hyperosmotic conditions suggested to cause DNA damage in B cells,
promoting apoptosis’®, and to reduce energy and promote lactate accumulation in
muscles’. On hepatic cells, it was reported protein breakdown in hypoosmotic situations
and proteolysis in hyperosmotic ones*’. Aiming to not unbalance the osmotic pressure of
the cells after the administration of the drug delivery system, osmolality value should be
properly optimized to guarantee the safety of the formulation. In particular, the eye is able
to tolerate osmolality values from 200 to 500 mOsm/Kg, even if the optimal range is the
tears’ one, between 280 and 300 mOsm/Kg®'. Also for nasal administration, osmolality is
an important parameter to be optimized, since isotonic formulations are able to inhibit
ciliary activity’?, while hypotonic samples (300-700 mOsm/Kg) can increase permeation

through nasal mucosa®.

1.2.3.5 Stability
Colloidal suspensions of nanoparticles could be subjected to various kind of instability
phenomena, which compromise their long-term use. Among them, sedimentation occurs
when nanoparticles move to the bottom of their storage container, and it depends on particle
size, viscosity and density, following Stokes’ law™. Flocculation, which describes the
tendency of the nanoparticle to agglomerate, determines the sedimentation rate, which is
slow for deflocculated suspensions and rapid for flocculate ones. Usually, sediments are
easily redispersed by simple agitation, but, if the particles are very tightly agglomerated,
the resuspension is difficult, and it is defined as caking. Agglomeration is another important
instability phenomenon which reflects the tendency of the nanoparticles to minimize the
thermodynamic energy by merging thus reducing the surface energy®. Analyzing the long-
term stability of colloidal suspensions represents an important prerequisite to assure the
maintaining of their characteristic features over time.
The stability of the formulations can be analyzed following the ICH guidelines Q1A (R2),
that describes the stability testing required from EMA (European Medicines Agency) for
the new drug substances and products. Three storage conditions are identified:

* long-term: minimum 12 months at 254+2°C with 60+5% RH;

= intermediate: minimum 6 months at 30+2°C with 65+5% RH;

= accelerated: minimum 6 months at 40+£2°C with 75+5% RH.

11
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Testing frequency is also described for each situation — it is usually every 3 or 6 months,
depending on the intended storage time— as well as the criteria for the evaluation. At each
timepoint, nanoparticles characterization should be performed in order to verify the
occurrence of instability phenomena. For this aim, PCS analysis of particle size is suitable
to highlight the occurrence of agglomeration®. This kind of analysis could be performed
by storing the samples in constant climate chambers, with the proper setting according to
the desired type of temperature and humidity conditions. Moreover, optical analyzers are
available in commerce and allow to visualize the instability phenomena by scanning the
entire cuvette with a pulsed near-infrared light, thus being able to highlight the occurrence

of particles migration or aggregation®’.

1.2.3.6  Transmission electron microscopy

Morphology and structural organization of the nanoparticles — which also influence their
functions®® — could be assessed through different microscopy techniques, and, among them,
also Transmission electron microscopy (TEM) could be used. Images of the nanoparticles
are obtained through an electron beam passing through the sample; the part of the beam
that is not scattered or absorbed, is transmitted and creates the image of the particle®.
In order to be analyzed through this technique, the sample should be very thin.
Cryo-TEM, which was successively developed, allows to visualize also the inner structure
of the nanoparticles, providing detailed information about the core and thus allowing to
classify the nanoparticles’ type (as previously explained for SLN and NLC
classifications)**.

Furthermore, these techniques allow a direct measurement of particles diameters,

corroborating the data obtainable from PCS studies®.

1.2.3.7 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a technique used to characterize the structural
changes in materials under thermal stress. Progressively adding heat, the instrument
registers the heat of the sample compared to the heat of the system, basing on the principle
that a difference in heat occurs during phase transitions®’. In that way, it is possible to obtain
a thermogram relating the energy of the sample in function of time or temperature. In
lipid-based nanoparticles, DSC analysis provides information about the behaviors of raw
materials after nanoparticles formation, through the assessment of polymorphic state and
crystallinity®, allowing also the differentiation between SLN and NLC through the analysis
of eventual temperature shifts at the melting points®. Crystallinity, in particular, is also

helpful to understand the organization of the nanoparticles, and thus predicting the
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encapsulation efficiency and release of the loaded active compound, which is related to the
presence of imperfections in the core®®. Moreover, the success of the encapsulation could
be verified, since the comparison of the thermograms of blank and loaded samples is able
to show if the drug is solubilized inside the core or if it is crystallized®*’. Furthermore, it
is important because the properties of lipid materials could be affected by temperature
changes: obtaining information about the temperatures of the melting and crystallization
transitions could be useful to assess the suitability of some preparation methods which need

heating steps™.

1.2.3.8 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy allows to measure the vibrations and
rotations of molecular binding. The intensity of the IR radiation passing through the sample
at different wavelengths is measured and reported in a spectrum, which correlate the
absorbance or transmittance of the radiation at the respective wavenumber. Considering
that certain molecular groups have specifics absorption/transmission wavelength, it is
possible to obtain information about molecular binding changes’'. For nanocarriers, this
information could highlight — for instance — the behavior of the raw materials in the
organization of the nanoparticles* and the eventual formation of new binding during the

preparation process.

1.2.3.9  X-ray diffraction

X-ray diffraction (XRD) allows to analyze the organization of the molecules, thus
providing information about their physical state or polymorphic form’. Moreover, it
permits the measurement of the crystallinity of the sample, which is related to
polymorphism, thus allowing to predict the occurrence of transitional changes during
storage”. Usually, considering lipid-based DDS, the crystallinity is related to the liquid oil
structure”’. Moreover, it is possible to obtain information about the long-range and
short-range lipid conformation, which is informative of the organization of the components

in the nanoparticles”.

1.2.3.10 Raman

Raman is a technique able to give information about the conformation and arrangement of
the components into the nanoparticles, basing on the analysis of the electromagnetic
spectrum. In particular, a laser beam passing through produces molecular vibrations, which
constitute the “molecular footprint” and, considering the wave number of the peaks,
provide information about the functional groups presents*®”®. This analysis allows to

understand the structure of the external layer of the nanoparticles®.
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1.2.3.11 Encapsulation efficiency and drug loading capacity

The quantification of the effective amount of drug that could be encapsulated into the
nanoparticles is a relevant parameter to measure, in order to make proper assumption about
the maximum amount of molecule that the system could actually host, the release of the
drug from the carrier and eventual in vitro and in vivo subsequent evaluation of the drug
behavior. This parameter is strictly related to the nature of the drug and its compatibility
with the lipid matrix of the nanoparticles”. Since a direct quantification is usually difficult
to perform, indirect method can be used measuring the unencapsulated drug and subtracting
from the total amount of drug weighted in the preparation step. The separation of the
unencapsulated drug from the nanoparticles could be performed by tangential flow
filtration, dialysis or ultracentrifugation, depending on the specific characteristic of the
colloidal suspension.

The encapsulation efficiency (EE%) is thus defined as the ratio between the amount of the
encapsulated drug (indirectly measured) and the amount of weighted drug, expressed as
percentage value®. The EE% of drugs into SLN is usually lower than those into NLC, due
to the presence of a more ordered structure, as previously discusses, with values usually in
the range from 57-67%"", as reported in literature. NLC EE% results to be usually higher
because of the presence of imperfections in the nanoparticles’ structure, which allows the
accommodation of higher amount of drug, with literature data raging from 57-67%*% up
to 98.5%'®. Considering lipid-based nanoparticles, drug loading capacity (DLC%) could
also be calculated, as the measure of the amount of entrapped drug related to the weight of

the lipid material and expressed as a percentage™.

1.2.3.12 Drug release

Drug release from the nanoparticle is a relevant feature which provides information about
the carrier behavior, thus defining its efficacy'®'. One of the most common methods is the
dialysis bag technique, which could be regular and reverse. The regular method consists in
placing the sample into the dialysis tube, which is immersed into the release medium; at
selected timepoints, the amount of drug in the external medium is measured. In this method,
the stirring results to be a crucial parameter to be properly set; moreover, also the surface
of the dialysis bag and the volume of the sample inside are relevant in determining the
release rate, and sometimes sink condition could not be guaranteed'®. The reverse dialysis
method consists in putting the release medium inside the tube and immerging it into the
sample; the withdrawals could be performed by removing the whole tube and replacing it,
or by opening it to take a certain volume of release medium. Considering the surface of the

membrane, these dialysis methods seem to be more appropriated for intravenous
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administration. Another technique for in vitro release studies'®, especially used for topical
and transdermal applications, involves the use of Franz diffusion cells, which were
developed in 1975 and could be employed also for the assessment of ex-vivo permeation
through skin'®. They are composed by a donor, where is located the formulation, and a
receptor, where there is the release medium, which are separated by a barrier; both synthetic
membranes (cellulose acetate or regenerated cellulose) and human/animal skin could be
employed'®. The system could be subjected to stirring and/or heating. The withdrawals are
taken from the sampling at specific timepoints and the amount of drug in the release
medium is quantified properly'®.

For all the aforementioned techniques, some key parameters need to be adequately
modulated. First of all, the release medium should be selected considering the solubility
and the stability of the drug and also maintaining the sink condition for an accurate
analysis'®'. Furthermore, the membrane molecular weight cut-off should be chosen basing
on the drug®. Finally, the stirring rate in the external medium should be selected in order
to properly homogenize system. The release of the drug from nanosystems is related to
several factors, such as the drug entrapment efficiency and the carrier structure. It is also
important, during the preformulative phase, to verify the solubility of the drug into the

195 The choice of the materials was demonstrated to be crucial'%'??, especially liquid

matrix
lipid percentage and surfactant concentration'®. Considering SLN and NLC in particular,
a high solubility of the drug into the lipid matrix corresponds to a higher amount of
encapsulated drug, which may result in higher amount of drug released'®. Moreover, their
crystallinity (thus the presence of imperfections) and their polymorphism could influence
drug release, since ordered structures promote lower encapsulated drug and higher drug
loss during storage'?>'?’,

The localization of the drug into the nanoparticle determines the rapidity of the release from
the nanosystem'”, since usually drug is released from nanoparticles through two
mechanisms: erosion and disruption of the matrix, or diffusion through the matrix'®.
Generally, both SLN and NLC show a biphasic release pattern, constituted by an initial
burst effect, followed by a prolonged release. The initial burst effect could be related to the
presence of drug on nanoparticles’ surface, that in NLC is attributable to the presence of
liquid lipid at the outermost part of the nanoparticles''’; this burst phase is also affected by
the solubility of the drug into the external aqueous medium, and could be modulated by
varying the temperature or the surfactant concentrations during the preparation (raising

these values results in reduced burst effect)'!".
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The presence of surface modification could also affect drug release, as reported for PEG
which reduces the surface tension of the lipid nanoparticle, thus usually increasing the
release rate''>'"®, Furthermore, also the particle size influences the release, since smaller
particles possess higher surface area which result in faster release'®.

The size-release correlation was also demonstrated for emulsions'', which could provide

115

both a biphasic release with an initial burst affect' > and a zero-order slow and prolonged

release''®, basing on the type of emulsion (W/O, O/W, or multiple) and on the materials

involved — mainly surfactants''.

1.3 Nasal mucosal delivery

1.3.1 Anatomy of the nose and nasal administration

The inner nose is composed by the septum that separates the two nostrils, in which is
possible to identify the turbinates. The nasal cavity is composed by three parts (Figure 4),
which are reported from the outer to the inner: vestibular region, respiratory region and
olfactory region. The vestibular region is responsible of the blockage towards external
agents such as pathogens and particles; in the respiratory region there are blood vessels and
the trigeminal sensory nerve; in the olfactory region there are branch of the trigeminal
nerve, and the olfactory sensory neurons which are in direct contact with the brain'"’,
Epithelial cells, connected through tight junctions, could be classified into: columnar cells
with microvilli (70%); ciliated cells responsible of mucociliary clearance (20-50%); goblet
cells producing mucus (5-15%). The mucus is mainly composed of water (95%), but also
of mucin (2-3%) and salts (1-2%)""®, with a pH of 5.5-6.5 and a negative charge attributable
to the presence of sialic and sulfonic acids''’. The role of the mucus is to create a defense
from undesired external agents, antimicrobial, humidifying and filtering activity'?. The
mucus has the ability to interact with particles through Van der Waals, electrostatic and

121 Moreover,

hydrophobic interactions'?’, and to block particles with size higher than 1 pm
mucociliary clearance mechanism is able to move the daily 1.5-2 L of mucus with a speed
of about 6 mm/min, thus further reducing the contact time of a nasal administered drug'.
Mucus production and mucociliary clearance could be altered in the presence of pathologic
conditions as rhinitis, sinusitis, asthma, or allergies122’123. Another nasal defense mechanism
is performed by immune cells which are highly present in sub-epithelial tissue and belong
to the nasal associated lymphoid tissue (NALT). B cells, T cells, macrophages, dendritic
cells and antigen presenting cells are the most present'?*, and, in case of necessity, other

immunocompetent cells, such as natural killer cells, could provide support'?.
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Figure 4. Structure of the nose!%S.

Drugs nasally administered could be absorbed through four different routes: transcellular
(low-weight lipophilic molecules), paracellular (small hydrophilic molecules of
< 100-200 Da), receptor mediated, and carrier mediated'?”'*,

Limits of this administration route are primarily related to the nature of the active molecule

(hydrophilicity-lipophilicity, molecular weight'*®

) and to the several defense mechanisms
already mentioned. Moreover, even if nasal mucosa is quite porous and has a large
absorption surface'?’, considering the small area of the nasal cavity (~7 cm’® young-adult
men and almost 6 cm® for young-adult-women'*’, only an amount of 25-200 pL could
actually be administered, because higher amounts could increase side effects related to the

131

systemic diffusion . On the other hands, this route results advantageous for being needle-

free, not-invasive and highly patient compliance'**.

1.3.2 Vaccine delivery and DDS

For its physiological immune role, nasal mucosal has been consistently investigated for the
administration of vaccines because it is able to induce mucosal and systemic immune
responseslzg. Moreover, nasal mucosal administration could avoid systemic routes limits,
such as invasiveness, risk of infection, need of specialized personnel, but also oral
administration drawbacks, like enzymatic and gastric degradation'?*. Nowadays, some
nasal vaccines are already used in clinic, but there are still some limitations to be overcome.
In particular, the inefficient bioavailability of the vaccine due to the mucociliary clearance,
as well as the low permeation into the nasal epithelium'*. For this purpose, different
delivery platforms have been developed, showing promising results. First of all,
nanoparticles with adequate features are able to improve retention time thus limiting the
clearance elimination; moreover, due to their longer interaction in the reactive site, they
were reported to enhance immune response'*®, and, modulating carrier properties, could

124

selectively target M cells or reach the lymph nodes “*. Clearly, the encapsulation into DDS

protects the active compound and could allow multi-vaccine administration.
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Among the lipid-based nanoparticles which were developed for vaccine delivery, also some
can be found in literature. Nanoemulsions were used to load hepatitis B antigen, showing
promising results in various mice models by inducing an immune response comparable to

the one induced by intramuscular vaccination'**

. Moreover, a developed soybean O/W
nanoemulsion demonstrated to be absorbed through transcellular pathway, without needing
to open the tight junctions or to require M cells'**. It is important to mention the versatility
of emulsions for vaccine delivery, since, by opportunely changing their composition (both

qualitative and/or quantitative) it is possible to activate specific immune responses'’.

1.4 Brain delivery

1.4.1 Central Nervous System barriers

The treatment of central pathologies has always been challenging due to the intrinsic
difficulty to achieve the Central Nervous System (CNS) for the presence of several
physiological barriers. Among all, the most important barrier is the Blood Brain Barrier
(BBB), which prevents the diffusion of molecules in the brain and maintains the
homeostasis'®’, blocking more that 98% of the therapeutic molecules'*®. It is composed of
microvascular endothelial cells continuous to the cerebral capillaries, which presents three
peculiar characteristics (Figure 5): the fenestrations are not present; there are tight junctions
which prevent the unregulated passage of polar compounds from the blood; the absence of
pinocytosis and the presence of specific active transporters able to deliver essential
substances while blocking potentially damaging molecules'*’. Moreover, there are efflux
transporters and metabolic enzymes belonging to the CYP 450 family'*’. All these
obstacles prevent the achieving of the brain for the majority of the drugs'*. In the
occurrence of some physiological or pathological situations, the BBB could be altered thus
decreasing its filtering ability'*'. The available treatments are invasive and costly or are
considered effective despite being associated with side effects that decrease patient

compliance'?.

' Astrocyte endfeet

Vascular BM

Blood

(luminal) Endothelial cell

Pericyte

Parenchymal BM Tight junction

Brain
(abluminal)

Figure 5. Structure of the BBB'*.
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1.4.2 Nose-to-brain administration and DDS

A successful strategy to achieve the brain is represented by the nose-to-brain (N2B)
administration, which provides a direct access to the CNS while avoiding the BBB filter.
This results in a higher bioavailability of the drug, avoiding gastrointestinal or systemic
metabolism, and in reduced side effects'®.

Anatomy of the nose was already described in the previous section. The vestibular region,
as already mentioned, acts as a filter for the external substances, thanks to the presence of
nasal mucus and mucociliary clearance mechanism. Once overcame this first part, an
intranasally administered drug could follow two direct pathways in its way to the brain: the
olfactory one and the trigeminal one. The olfactory pathway involves the interaction with
the olfactory receptors, while the trigeminal pathway involves the branches that arrive to
the respiratory mucosa and olfactory mucosa. In both the pathways the formulation could
be transported intraneuronally through the axons or extraneuronally thanks to diffusion and
channel flow'**'*>. A N2B administered formulation could also reach the brain through the
systemic indirect pathway, since the respiratory region is extensively irrorated with blood
vessels, thus small lipophilic drugs can diffuse in the blood stream, even if they will face
the limitations of the BBB and produce side effects.

On the counterpart, N2B administration presents the limits related to the physiological
structure of the nose, as previously discussed. Furthermore, the efficacy of N2B route is
strictly related to the device and to patient’s administration, intended as angle of
administration and respiration'*. Finally, cytocompatibility of the administered
formulations should be extensively analyzed since central pathologies usually require

multiple or chronic treatments, thus long-term toxicity should not occur'*.

1.4.3 Drug Delivery Systems for N2B administration

In order to overcome N2B limitations, different nanocarriers have been proposed and due
to their high biocompatibility, lipid-based nanosystems were the extensively studied.
Among their advantages, they could protect the drug from degradation and transporters,
and produce reduced cytotoxicity; moreover, depending on their features, they are able to
prolong the residence time, permeation into the nasal mucosa, and more targeted delivery
reducing side effects'?’.

In order to provide a successful drug delivery from DDS using N2B route, the nanoparticles
should be developed with specific characteristics. One of the most important features is

particle size, which also affects other parameters such as encapsulation efficiency, drug

release and physical stability; moreover, it determines the biodistribution of the
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nanoparticles, defining the deposition in the anterior part of the nasal cavity or in the

olfactory zone'*®, also depending on retention time and targeting ability'*’
ry p g geung y

. Zeta potential
should be also properly optimized, since mucin has anionic residues, thus positively
charged nanoparticles guarantee prolonged mucosal retention time. On the counterpart,
cationic nanoparticles were reported to cause cytotoxicity by disruption of the BBB, effect
that was not reported for neutral and anionic nanoparticles'*.

Numerous examples of the use of lipid-based nanoparticles for the treatment of CNS
disorders can be found in literature. SLN were used to encapsulate a conjugate prodrug
(based on geraniol and ursodeoxycholic acid) for Parkinson’s disease (PD); the intranasal
administration of the SLN formulation in rats provided higher cerebrospinal fluid (CSF)
levels, compared to the prodrug suspension, and also guaranteed a longer retainment in the

1", SLN loaded with efavirenz were

brain compared to oral administered geranio
intranasally administered in rats and compared with the market-available oral capsules: the
nanoparticles demonstrated to be able to increase 150 times the brain targeting and 70 times

the absorption potential compared to the marketed formulations'*’

. High brain targeting
was also reported for NLC loaded with ketoconazole, after intranasal administration in an
infection mouse model'*', as well as demonstrated for NLC loaded with pioglitazone as a
repurposed treatment for Alzheimer’s Disease (AD)"?. Sumatriptan-loaded NLC were
investigated for the treatment of migraine headache and, also in this study, it emerged that
intranasal administration route was able to provide a 4-fold higher drug level in the brain,

compared to intravenous administration'>,

1.4.4 Essential oils in the treatment of neurodegenerative diseases

Essential Oils (EOs) have been known for their therapeutics properties since the
Egyptians'**, but in the last decades scientists found a rediscovered interest for their
potential application as adjuvant treatment in several pathologies. About one century ago,
in 1928, Rene-Maurice Gattefossé invented the term “Aromatherapie” to indicate the
therapeutical practice of the inhalation of EOs, and several countries, such as France, UK,
USA and Australia, include aromatherapy as complementary medicine in association with

conventional treatments'>

. More recently, the effect of EOs on the central nervous system
was demonstrated'*® and numerous are the pathologies for which they are effective.

Inhibition of acetylcholinesterase activity is one of the most important parameters analyzed
in the diagnosis of Alzheimer’s disease (AD), and several EO have been studied'®’. Just to
mention some EO studied for AD, Artemisia annua L. and Glycyrrhiza glabra L."®, as well

as Allium tuncelianum"’, Citrus sinensis [L.] Osbeck'®, Lavandula viridis L’'Her'®',

Mentha spicata  L.'?, Origanum rotundifolium Boiss.'”, Panax ginseng'®,
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Salvia officinalis'® demonstrated to inhibit acetylcholinesterase activity in vitro.
Moreover, in vivo studies demonstrated that Boswellia serrata improves learning and
memory'®, Citrus limon prevents from synaptic loss and memory impairment'?’, as well
as Ocimum basilicum which also reduces hippocampal degeneration'®; cognitive functions
were ameliorated also by inhaled Rosmarinus officinalis'® and a combined treatment with
Origanum vulgare and Thymus vulgaris showed in vivo success for the treatment of AD'™.
Considering Parkinson’s disease (PD), the target of the pharmacological studies is to delay
the neurodegeneration since, in the advanced stages, there are no drugs which are
efficient'”’. For this reason, EOs were studies because of their neuroprotective activity,
which was demonstrated in vitro for Cinnamomum verum and Cinnamomum cassia'"', and
also in vivo for Eplingiella fruticosa'™ and Rosa damascena Mill.'”; moreover, the ability
to reduce a-synuclein gene expression was reported in vivo for Pulicaria undulata'™ and
Acorus tatarinowii Schott (Shi Chang Pu)'”.

The potential use of EOs in dementia was also demonstrated'”®. A clinical trial was carried
on administering Lavandula angustifolia Mill. and Melissa officinalis L. in patient with
severe dementia and demonstrating sedation in case of agitation and consolidation of
memory'’’; moreover, limonene from limon EO was found to improve memory in dementia
models'”®,

In addition, anxious individuals have benefited from the inhalation of essential oils,
potentiating the effects of current anxiolytic treatments'>. Lavandula angustifolia, in
particular, demonstrated to provide effects similar to diazepam'”, also reducing
aggressivity and improving social interactions in vivo'*’. Clinical trials on the anxiolytic
activity of Lavandula angustifolia were also carried on students experiencing anxiety

during the Premenstrual Syndrome (PMS)'*!

, as well as in perioperative patients with local
anesthesia surgeries'®* and in colonoscopy patients treated with Osmanthus fragrans oil
and grapefruit 0il'®. Rosa damascena EO was useful in the first hours of labor'®, while
Lavandula angustifolia was used in post-partum women, in which reduced also
depression'®.

Despite all the beneficial effects of EOs, their use in therapy is limited by their volatility
and their instability to degradation. For this reason, their encapsulation into DDS represents
a successful strategy to improve their pharmacokinetic profile thus increasing their

bioavailability'>’.
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1.5 Ocular delivery
1.5.1 Anatomy of the eye

Despite seeming easily accessible, drug administration in the eye has the great limit of low
bioavailability, especially related to traditional pharmaceutical dosage forms, due to the
presence of several barriers and protection mechanisms'®.

The eye is composed by three structures (Figure 6), identified by the nature of the tissue:
the inner layer is the retina, composed by nervous tissue (converging in the optic nerve);
retina is covered by a vascular tissue, called uvea, which includes iris, ciliary body and
choroid); the outer part is the sclera, which has fibrous nature. The ocular structures divide
the eye into three regions: the anterior part, which is located between the cornea and the
iris; the vitreous chamber, between iris and lens; the posterior segment, from the lens to the
retina. To maintain ocular structures, two fluids are present: the aqueous humor, in the
anterior and posterior chambers, and the vitreous humor, located in the vitreous chamber.
The movement of particles from the blood to the eye is regulated by two barriers: the
blood-aqueous barrier (BAB), protecting the anterior region, and the blood-retinal barrier
(BRB), which protect the retina similarly to BBB. Immune activity is provided by the BRB,
and also by the presence of immunomodulatory factors in aqueous humor and parenchymal

cells'®’

. Because of the aforementioned barriers, systemic treatments of ocular diseases are
strictly limited, with a 2% of the administered dose achieving the vitreous'**.

First protection from external agents is provided by the presence of the tears, which are
produced by the lacrimal glands and are constituted of 7.0 pH water'® with electrolytes,
lipids and proteins (among them, also mucin is present as well as lysozyme)'*’. About
0.5-2.2 pl are produced every minute, and, together with blinking reflex and tears drainage
(which cause the elimination of about 75% of administered drug, together with systemically
absorbed drug), it limits the residence time of topically administered drugs to 1-2 min'?*"*",
Furthermore, the cornea, for its characteristic structure of epithelium-stroma-epithelium
expressing mucin, is able to filter the non-polar molecules basing on their oil-water
partition coefficient, blocking the 90% of the hydrophilic drugs; on the other hand,
lipophilic drugs are blocked only for a 10%. Drugs could permeate the cornea preferentially
through transcellular pathway basing on their pKa'*’; the paracellular pathways is preferred
by small hydrophilic molecules while intracellular route could be used by lipophilic drugs.

For all these reasons, only a 3-5% of the topical administered drug is actually able to

achieve the inner ocular tissues'*?.
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Figure 6. Structure of the eye (https://eyepatient.net/Home/articledetail/uvea-322,
last accessed on the 1t September 2023).

1.5.2 Posterior chamber treatments and DDS

The achievement of the posterior segment of the eye is a great challenge for all the
aforementioned limits provided by ocular barriers. Topical and systemic administrations
were already described, and both provide a low amount of bioavailable drug in the posterior
chamber; on the other hand, transscleral and intravitreal injections are the most effective
routes for the therapeutic treatment of posterior region pathologies, but these routes require
highly qualified personnel and strongly reduce patient compliance'*’.

To overcome these limitations, DDS were proposed for the achievement of the inner eye
through topical administration, guaranteeing several advantages, such as prolonged ocular
residence time, enhanced permeation, protecting from inactivation, prolonged and
controlled release of the drug from the carrier, increased patient compliance'®¢.

As already mentioned, lipid-based nanosystems resulted to be more biocompatible, due to
the nature of the raw materials used, and to better interact with ocular structures acting as
a depot'®. In the development of DDS for the ocular site, particle size is one of the most
important parameters to be optimized. In fact, ocular permeation could occur only for
particles < 200 nm'”; very small particles (< 20 nm), on the other side, are easily
eliminated. Also zeta potential should be evaluated since mucin residues are negatively
charged; as a consequence, cationic nanoparticles provide a better interaction, improving

residence time on ocular surface'”.
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A great number of literature studies have been published for the treatment of posterior
chamber pathologies (Uveitis, Glaucoma, Retinitis Pigmentosa, Diabetic Retinopathy,
Age-Related Macular Degeneration, etc.), and some of them also verified the effective

achievement of the target through in vivo experiments'*®

. Myriocin, a natural molecule
possessing immunosuppressive properties, was encapsulated into NLC (with a 68% EE%)
and administered in mice and rabbits, showing the ability to reach the retina with the 57%
of the administered dose'”’. SLN delivering tobramycin, for the treatment of ocular
infections, were tested on rabbit eyes comparing with the commercial eye drops,
demonstrating a better achievement of the posterior chamber for the encapsulated drug'®®.
Biodistribution studies on mice eyes were performed on NLC loaded with Nile red,
showing the achievement of the retina through fluorescence analysis'®’. SLN surface

modification with chitosan®***"!

, clearly demonstrated an enhanced retention time because
of their improved mucoadhesive properties. Liposomes are already on clinical trials for

ophthalmic administration, and this raises the hope also for SLN and NLC'®”,

1.5.3 Sorafenib and (£)-MRJF22 in the treatment of uveal melanoma

Uveal melanoma (UM) is the most incident intraocular tumor in adult age, with 6.3 annual

202 Moreover, UM is one of the most

incidence among white people, especially in their 60s
aggressive tumors for its great capability to metastasize (in 50% of the cases within the first
year), mainly in liver (89%), but also in lungs (29%), bone (17%), Skin and subcutaneous
tissues (12%) and lymph nosed (11%)**. For this reason, the mortality rate is 80% in one
year and 92% in two years from the appearance of metastasis***.

UM occurs mainly in choroid (90% of the cases) but could also appear in ciliary body (7%)
and iris (3%)**, being circumscribed in 90% of the cases. Iris UM is usually circumscribed

206

and easy to be early diagnosed due to its location™", thus representing a mortality rate

5-10-folds lower than the other UM?"". Ciliary body UM has a polymorphic shape, and it

208 thus it is

is thus more difficult to be identified because it is often hidden by the iris
diagnosed when it becomes bigger or involves choroid or iris. Finally, choroidal melanoma
needs to be diagnosed through specific tests, causing difficult detection when it is small**’.,
Predisposing factors seem to be light-colored iris *'°, ocular/oculodermal melanocytosis*'',
iris nevus, mutation of BAP1 (nuclear protein 1 associated with BRCA1 tumor suppressor
gene). The early symptom is blurred vision, but it could be diagnosed by ultrasound in
asymptomatic patients; the recent improvement in the instruments allows early diagnoses
in the first stages, extending life expectancy. For these reasons, first-line treatments actually

available — surgery, radiation and enucleation’’”> — are aimed to be replaced b
gery p y

pharmacological and less invasive therapies.
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The inhibition of the angiogenesis in UM patients could represent a potential strategy for
UM treatment, since VEGFRs (vascular endothelial growth factor receptors) was found in
higher concentrations in aqueous humor of UM patients, especially in metastatic ones?".
Another target could also be MAPK (mitogen-activated protein kinase) pathway, which
was found to be constitutively active in UM, and involved in cell proliferation*'. Basing
on these premises, the use of sorafenib (SRF) in UM therapy seemed interesting, for its
multi-kinase inhibition ability, acting both on VEGFR and on Raf kinases of the MAPK
pathway®'*. For these reasons, a phase I clinical trial was carried on in association with
carboplatin and paclitaxel, giving encouraging results for the partial responses obtained for
27% of the patients (as performed by Flaherty in 2006 and reported by Bhatia*'*).
Subsequently, a phase II trial using the same drug combination on 32 patients for 24 months
showed a stabilization of the tumor in 31.2% of the patients*'®. The presence of several side
effects, as diarrhea, weight loss, alopecia, etc., limits its therapeutical use, but the
encapsulation into nanoparticles represents a strategy to overcome these limitations and
enhance SRF activity?'®2'%,

Histone deacetylase (HDAC) could be another target for the treatment of cancers, since it
is involved in cell growth through the regulation of gene expression; for this reason, HDAC
inhibitors (HDACI), such as valproic acid (VPA), have been proposed as anticancer
drugs®™. Cell proliferation is also regulated by sigma (o) receptors, which are
overexpressed in various tumors. In particular, 6; receptor, involved in apoptotic process

increasing the secretion of VEGF and enhancing cell motility*"’

, while o> receptor is
involved in autophagy and apoptosis®®’. Ligands for ¢ receptors, as haloperidol (HP) and
haloperidol metabolite II (HP-mlII), are potentially efficient in the treatment of UM. Basing
on these considerations, a new prodrug (+)-MRJF22 was synthetized combining the
HDAC: activity of VPA and the o binding of HP-mll, giving promising results in in vitro
studies as antitumoral drug for UM treatment®"®. In detail, this prodrug and its enantiomers
demonstrated the ability to reduce cells proliferation, as well as cell motility and tube
formation, with a higher activity when stimulated by VEGF-A, compared to basal
conditions. Among them, (S)-(—)-MRJF22 presented a higher binding activity that resulted
in higher antiangiogenic activity compared to (£)-MRJF22 and (R)-(+)-MRJF22. Its

loading into nanoparticles could be advantageous for both protecting the drug and

achieving the target site.
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1.6 Aim of the PhD project

The aim of the present PhD project was the development of nanotechnological carriers,
loaded with natural or synthetical drugs, able to overcome different biological barriers, thus
allowing a better achievement of the target sites. The three-years project was developed by
pursuing two main sub-goals: CNS achievement through intranasal administration, and
inner eye targeting through topical instillation; nasal administration was also investigated

as local route for vaccines.

1.6.1 CNS targeting and nasal administration

CSN targeting, as discussed, represents a great challenge for researchers and the treatments
of neurodegenerative disorders are still complicated mainly for the side effects related to
drug administration. In the lasts years, there was a growing interest for complementary and
alternative medicines (CAMs) as adjuvants for several pathologies. Essential oils (EOs)
were deeply investigated in literature' since they possess a thousand-years tradition of
ritual and therapeutic use; in particular, their antioxidative, anti-inflammatory,
antimicrobial, wound-healing, and anxiolytic properties were extensively demonstrated by
literature studies, confirming their potential use in medicine. Aromatherapy, which is the
inhalation of EOs, is used since centuries, and clinical studies confirmed its success as
complementary approach for Alzheimer’s disease (AD) treatment®*'***. To reduce EOs’
instability, providing a targeted and controlled release and improving their effectiveness,
their encapsulation into nanocarriers could be exploited. Lipid-based nanocarriers, in
particular, were demonstrated to constitute a successful strategy for the loading of EOs, as
demonstrated by literature description of different approaches exploited for EOs delivery,
such as micro- and nanoemulsions, liposomes, SLN and NLC"3.

During the first part of the PhD project, rosemary, lavender and mint EOs were chosen to
be encapsulated into NLC intended for the nose-to-brain administration as coadjuvants in
the treatment of neurodegenerative pathologies®. Rosmarinus officinalis L. was selected
for its ability to improve memory in school students**, Lavandula x intermedia “Sumian”
was chose for its activity in Alzheimer’s dementia, anxiety and depression”**, and finally
Mentha piperita  was considered for its acetylcholinesterase (AChE) and

162 The features of

butyrylcholinesterase (BuChE) inhibition which increase memorization
the EO-loaded samples were compared to NLC with Tegosoft CT oil (as EO-free control)
and to NLC with Neem oil (as negative toxic control). Particle size, homogeneity, zeta
potential, pH and osmolarity were measured. Their stability was measured using

Turbiscan® technology, while their morphology was assessed through TEM; moreover, the
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nanoparticles’ structure was investigated through X-ray analysis, while their safety was
assessed on murine (NIH-3T3) and human (HFF1) fibroblast cell lines. Also, EOs EE%
was determined and their release from NLC was assessed using Franz cells. Finally, the
platform was optimized adding a cationic lipid didodecyldimethylammonium bromide
(DDAB) and the mucoadhesive features were analyzed, aiming to predict the achievement
of the CSN through the nose-to-brain route.

Nasal administration route was subsequently investigated as promising route for the
administration of vaccines, since the nasal mucosa has favorable properties in terms of
immune response and patient compliance?*>**®. Since vaccines and hydrophilic molecules
are difficult to be administered because of their chemical nature (low permeability,
absorption and distribution, occurrence of enzymatic degradation, etc.”’), their
encapsulation into DDS could improve their effectiveness. Among the various carriers,
W/O microemulsions represent a valid strategy for the presence of an aqueous core which
could successfully load hydrophilic drugs, improving their bioavailability***. Herein, W/O
microemulsions are prone to instability phenomena due to the presence of the lipid external
phase®, triphasic W/O/W microemulsions were developed. Thus, a triphasic W/O/W
microemulsion was designed and optimized, aiming to encapsulate hydrophilic drugs or
vaccines into the inner aqueous core, to be administered on the nasal mucosa (manuscript
submitted). In the preformulative phase, different materials were screened and the optimal
quali-quantitative composition of the biphasic W/O microemulsion was defined and
subsequently also modified through the addition of the cationic DDAB. The W/O
microemulsions were inverted in aqueous medium with a proper amount of surfactant,
obtaining the respective triphasic neutral and cationic W/O/W microemulsions. The
samples were characterized (droplet size, PDI, ZP, pH, osmolality) and accelerated stability
studies were performed following ICH guidelines Q1A (R2). In vitro assessment of
mucoadhesion was performed by turbidimetric assay and ZP measurement at different
timepoints, as well as cytocompatibility on human fibroblast (HFF1) and human airway
epithelial (Calu-3) cell lines. Fluorescein was loaded as hydrophilic model-drug and its

release form the carriers was assessed.

1.6.2 Achievement of the inner eye

Another great challenge is the achievement of the inner eye, which is necessary for the
treatment of pathologies such as UM. This tumor in particular results to be one of the most
common melanomas in adults and one of the most aggressive for its ability to
metastasize?®**°. Sorafenib was proposed as therapy for some carcinomas, and as well for

UM, since it inhibits Raf kinases, responsible of cell growth in cancers’'*, and VEGF
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receptors®'®#! Considering the difficulties in achieving the inner eye, a SLN platform was
developed®'. Two different solid lipids were considered, and the obtained optimal
formulation was investigated in terms of particle size, homogeneity, pH and osmolality.
Turbiscan®™ apparatus was used to assess SLN stability, and the samples cytocompatibility
was tested on Statens Seruminstitut Rabbit Cornea (SIRC) cells using different treatment
protocols. The surface of the nanoparticles was optimized using cationic DDAB or
(1,2-dioleoyl-3-trimethylammonium-propane) DOTAP and the mucoadhesive properties
of the samples were assessed. Finally, sorafenib EE% into the optimal SLN was measured
and its release behavior was assessed.

A new synthetized prodrug, (£)-MRJF22, was developed for the treatment of UM,
demonstrating to reduce cells proliferation through its ¢ activity (antagonism for o; and
agonism for o) and histone deacetylase inhibition (HDACi)*'"’. Aiming to protect the
prodrug from degradation and to perform a targeted delivery into the inner eye, the prodrug

and its enantiomers were encapsulated into a NLC platform**

. A preformulative study on
the prodrugs was performed by DSC to verify the thermic behavior of the molecules and
the suitability of the hot-temperature preparation method. After the ordinary
characterization of the nanoparticles (size, PDI, ZP, pH, osmolality) and the assessment of
the prodrugs EE%, accelerated stability studies were performed in constant climate
chamber, using the parameters defined by ICH guidelines Q1A (R2). Particles organization
was deepened using DSC and FT-IR analyses, and the release of the prodrug was assessed
using Franz diffusion cells. Mucoadhesive properties were investigated using turbidimetric
method and mucin particle method. Finally, in vitro compatibility was verified on 92-1 UM
cells, and the cell proliferation after administration of loaded NLC and free prodrugs was
studied.

From the previous study, (S)-(-)-MRJF22 loaded-NLC was selected for the potential
adjuvant treatment of UM, and nanoparticles’ surface was modified adding PEG or the
cationic DDAB, aiming to perform a targeted delivery of the prodrug to the inner eye
(manuscript not published). The three NLC samples were ordinarily characterized (size,
homogeneity, ZP, pH and osmolality) and their physico-chemical stability was analyzed
using Turbiscan™. Moreover, particles morphology was investigated through TEM and
their mucoadhesive capability was measured using the mucin particle method.
(8)-(-)-MRIJF22 EE% was determined, and its release was assessed using Franz diffusion
cells compared to free prodrug solution. The cytocompatibility of the samples was assessed
on human corneal epithelium (HCE-2) and human UM 92-1 cell lines, and their tolerability
was confirmed by HET-CAM and HET-CAM TBS in vitro tests on 10-day embryonated
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eggs and by in vivo Draize test on New Zealand albino rabbits. Furthermore, antiangiogenic
capability was measured through a modified chorioallantoic membrane (CAM) test on
3-days fertilized eggs, while preventive anti-inflammatory activity was assessed in vivo in
rabbits. Finally, the in vivo biodistribution of the nanoparticles was performed using
fluorescent probe loaded-NLC topically instilled in rabbits’ eyes, since it was extensively
reported the importance of these studies in the assessment of the targeting ability of the

carrier’>,
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2 RESULTS AND DISCUSSION

2.1 CNS targeting and nasal administration

In the framework of the first goal of this project, the CNS addressed for the treatment of
neurodegenerative disorders through the development of NLC loaded with EOs.
Rosmarinus officinalis L., Lavandula x intermedia “Sumian” and Mentha piperita, as well
as Tegosoft CT and Neem oil, were encapsulated into nanoparticles obtaining L-NLC,
R-NLC, M-NLC, CT-NLC and N-NLC, respectively; the EO-loaded samples demonstrated
to have small (size < 200 nm) and homogeneous (PDI < 0.3) particles’*, while CT-NLC
and N-NLC both showed higher particles diameters and lower homogeneity. All the
samples showed physiological pH and osmolarity values. The EE% of the EO into the
nanoparticles was found to be 76% for L-NLC, 67% for M-NLC and 64% for R-NLC; less
than 20% of Neem oil was encapsulated, while Tegosoft CT EE% was 100%. The negative
ZP values, reported for all the formulations, suggested a potential long-term stability**,
which was verified by Turbiscan® stability studies operated at room temperature (25°C) for
30 days, with the highest stability reported for L-NLC (not significant particle migration
with backscattering ABS < 20%). Turbiscan Stability Index (TSI) values provided the
following stability scale: L-NLC = R-NLC > N-NLC > M-NLC >> CT-NLC. X-ray
analysis showed higher crystallinity, thus a more ordered structure®, for L-NLC (68%) and
R-NLC (40%), compared to M-NLC (30%), N-NLC (15%) and CT-NLC (10%), providing
a scale analogue to the stability one, thus suggesting a relation between structure and
stability. This hypothesis was confirmed by TEM morphology studies, which showed the
formation of different structures, with L-NLC and R-NLC composed by many oil droplets
thus a more imperfect structure™®, while CT-NLC and N-NLC were characterized by a
central oily core, demonstrating that the order of the structure could affect particles’
stability. Cytocompatibility studies on human (HFF1) and murine (NIH-3T3) fibroblast
cell lines were assessed treating the cells for 24h with different concentrations of the
samples; it was demonstrated a high viability for L-NLC, R-NLC and CT-NLC*, while
M-NLC and N-NLC were safe only at higher dilutions. EOs release from L-NLC and
R-NLC was performed by Franz diffusion cells, showed a similar slow and sustained
release for both the formulations, with ~20% released in 8h, ~50% after 24h and ~80% at
48h, thus confirming the importance of the carrier in providing a controlled release*’.
Finally, aiming to increase the residence time on the nasal mucosa, a cationic coating with

DDAB was added, since mucin sialic residues are negatively charged. The obtained
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L-NLC+, R-NLC+ and CT-NLC+ were analyzed to assess samples’ mucoadhesive
properties, and the following mucoadhesion scale was obtained: L-NLC+ > R-NLC+ >
CT-NLC+, demonstrating a potential prolonged permanence in the nose, increasing the
therapeutic response®*®.

Nasal route was also exploited for the mucosal administration of hydrophilic drugs, through
the design of a multiple emulsion platform. The preformulative studies allowed the
selection of the more suitable materials and the determination of the quantitative
composition: the optimal biphasic W/O microemulsion obtained, namely ME2-A, was
composed of Labrafil® at 12.8% w/w, Kolliphor® at 6.8% w/w, IPM at 70.4% w/w and
water at 10.0% w/w. The preparation method was optimized analyzing different stirring

239240 "and selecting 30 min as optimal time to obtain the lowest droplets’ size and the

times
highest homogeneity. The optimal triphasic W/O/W microemulsion (ME3-A) was obtained
screening both the amount of Tween® 80 and the dilutions of the biphasic W/O
microemulsion: 4% w/w of surfactant and 1:3 dilution were selected. ME3-A showed
droplet size lower than 172.5 nm, a good homogeneity (PDI 0.3) and a slight negative ZP
(-8 mV).

The optimal formulation was modified adding 0.15% w/w of DDAB to the primary
microemulsion, then obtaining the W/O/W triphasic ME3+A, whose size and homogeneity
resulted similar to ME3-A, with a markedly positive ZP (19 mV). Both the samples had
physiological pH and osmolality values. The characterization results demonstrated features
adequate for the nasal administration route. Stability studies were performed in constant
climate chamber, set at accelerated conditions*"', demonstrating a good stability of both
ME3-A and ME3+A for 6 months; in detail, the neutral formulation showed a slight
variation in droplet size (remaining in the <200 nm range), while the higher stability of the
cationic sample was related to its more marked ZP values which promote particles’

2 Mucoadhesion studies demonstrated that both the samples were able to

repulsion
interact with the mucin of the nasal mucosa, with a greater extent for the cationic ME3+A
because of the electrostatic interactions occurring with the negative residues of the mucin
glycoproteins, suggesting a prolonged permanence on nasal mucosa for both the
microemulsions. As a hydrophilic-model drug, fluorescein was encapsulated into the inner
water phase of the microemulsions (with a slight increase in particle sizes and
homogeneities®®, and almost-unaltered ZP values), and its release was assessed using
dialysis bag method. Fluorescein solution was used as a reference, showing a complete

release after 6h; conversely, the neural microemulsion was able to provide a sustained

release over 24h (50% released at 2h, and 100% at 24h), while the cationic sample provided
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a slow and prolonged release (50% at 6h and 60% at 24h). The cytocompatibility studies
performed on human airway epithelial (Calu-3) and human fibroblast (HFF1) cells lines
demonstrated a higher biocompatibility for ME3-A compared to ME3+A, probably related
to the presence of the cationic DDAB, as already reported in literature*. It is worth to be
mentioned that usually a nasal residence is short, thus the tested treatment times are actually

beyond the actual permanence of the formulations on the cells.

2.2 Achievement of the inner eye

The achievement of the inner eye for the treatment of UM was performed firstly
encapsulating sorafenib into SLN. The preformulative study allowed the selection of the
proper solid lipid, among Suppocire and Softisan, considered at different concentrations
(5,7, 8, 9% w/v). Lower amounts of solid lipids (5 and 7% w/v) produced heterogeneous
particles characterized by multiple peaks of size distribution. Samples named B8 (with 8%
w/v Suppocire), B9 (with 9% w/v Suppocire), and A9 (containing 9% w/v Softisan)
resulted adequate for ophthalmic administration®**, in terms of particle size (BS and B9
<200nm, A9 < 100 nm), homogeneity (PDI < 0.3), physiological pH and osmolality values.
Turbiscan® equipment was used to assess the physical stability of the samples, stored at
room temperature (25+2°C) for 1 month, showing the following stability scale: A8 > B9
>> B8&. These results, also confirmed by PCS analysis performed every week, could be
explained by the different chemical structure of the solid lipids and their different melting
temperatures. Cytocompatibility studies were performed testing A8, B8 and B9 on SIRC
cells, using a Short Time Repeated Exposure (S.T.R.E.) method in wash and no-wash
conditions, with mimic the ophthalmic application®*’. The higher tolerability was
demonstrated by A8 and B9 formulations in the extreme no-wash protocol, even if A8
viability was higher in the wash protocol. Thus, SLN A8 was optimized through the
addition of a cationic coating, using DDAB or DOTAP (A8-DB or A8-DP, respectively),
obtaining ZP values of about +20 mV. Mucoadhesive properties of the samples (AS,
AS8-DB and A8-DP) were tested in vitro through the mucin particle method, demonstrating
the following mucoadhesion trend A8-DB > A8-DP > AS8. The slightest interaction of
negative A8 with mucin was expected, as well as the high mucoadhesion of cationic AS8-
DB and A8-DP; the difference among DDAB and DOTAP in providing interactions with
mucin could be attributable to the different saturation of the residues basing on
temperature’*. The selected A8-DB was loaded with different amounts of sorafenib (0.8%

or 1.0% w/v), showing similar EE% values (~75%). Release profile was assessed using
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Franz diffusion cells and compared to sorafenib suspension (which showed a 50% released
after 2h and ~90% after 6h): both the samples demonstrated to provide a slow and
prolonged release, with ~25% of sorafenib released after 72h, demonstrating the advantage
of the encapsulation in guaranteeing a longer release over time.

The same UM target was addressed encapsulating the new-synthetized prodrug
(£)-MRIJF22 and its (R)- and (S)-enantiomers into NLC, obtaining (M)-NLC, (S)-NLC and
(R)-NLC, respectively. The suitability of the PIT preparation method was verified through
DSC preformulative study on the three molecules (that showed fusion temperatures of
80°C, 84°C and 82°C, respectively), and further confirmed by UV-vis analysis of the
molecules before and after the heating phase of the PIT technique. The prepared loaded
NLC samples were ordinarily characterized by PCS, having size of about 140-150 nm, PDI
< 0.25 and neutral ZP of ~4-6 mV, while pH and osmolality were physiological.
Encapsulation efficiency was found to be higher for (M)-NLC (87%) compared to (R)-NLC
and (S)-NLC (68% and 57%, respectively). Accelerated stability studies were performed
following the ICH guidelines Q1A (R2) and storing the samples at 40+2°C and 75+5% RH
for 6 months, demonstrating no occurrence of instability phenomena. Nanoparticles
organization was investigated through DSC® and FT-IR"* studies, which demonstrated the
successful encapsulation of the prodrugs into the nanoparticles. Franz diffusion cells were
employed to assess the release of the prodrug from the nanoparticles, demonstrating a slow
and prolonged release for all the samples (at each timepoint from TO to 24h, (R)-NLC >
(S)-NLC > (M)-NLC), compared to the prodrug solutions (all prodrug released within the
firsts few hours). The lower release of (+)-MRJF22 compared to the enantiomers-loaded
formulations could be explained by the higher encapsulation efficiency showed by
(M)-NLC, since literature findings demonstrated that higher EE% could result in lower
release’”’. Mucoadhesive studies were performed using turbidimetric assay and mucin
particle method, demonstrating no differences in the interaction with mucin.
Cytocompatibility studies were performed on 92-1 UM cell line demonstrated good
tolerability up to 5 uM concentration of prodrug loaded into the NLCs., which was
previously reported to be the optimal efficient concentration’”. Furthermore, cell
proliferation was assessed performing crystal violet assay and demonstrated an
enhancement of antiproliferative activity of the prodrugs after encapsulation into the
carrier. In particular, 0.3 uM concentration of (S)-NLC and 0.8 uM concentration of
(R)-NLC were able to provide significant inhibition of cell proliferation. Considering the
more favourable features of (S)-NLC (in terms of characterization and release) and its

higher antiproliferative efficiency, this enantiomer was selected for further studies.
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Aiming to increase the retention time on the ocular surface, the same NLC platform was
subsequently modified adding PEG or the cationic DDAB (namely P-NLC and D-NLC,
respectively), obtaining homogeneous particles, with sizes adequate for the ophthalmic
administration. pH and osmolality were into the physiological range. Great physical
stability was reported for all the samples stored in Turbiscan® technology at room
temperature  (25.0£1.0°C), physiological temperature (36.5£1.0°C) and extreme
temperature (50.0+ 1.0°C). Morphology of the samples was assessed through TEM,
demonstrating spherical shape for all the NLCs, without significant difference in the
surface after the addition of the coating layer”?*®. In vitro cytocompatibility of NLC,
P-NLC and D-NLC was assessed on human corneal epithelium cells (HCE-2) and uveal
melanoma (UM 92-1) cells, showing a certain toxicity of D-NLC sample related to the
presence of the cationic DDAB coating’®. NLC and P-NLC demonstrated to be safe
(viability > 80%) at concentration lower than 1 uM and 3 puM respectively, with a
dose-dependent trend. Mucoadhesion of NLC and P-NLC assessed through mucin particle
method demonstrated slight interaction of both samples with mucin residues, suggesting
adequate features to avoid loss with the tears flow while not remaining adhered on the
ocular surface. Furthermore, (S)-(—)-MRJF22 was encapsulated into the two carriers,
producing (S)-NLC and (S)-P-NLC, without significant variation in the characterization
compared to the blank samples. EE% was found to be 57.7% and 52.9 % respectively. Both
NLCs showed a similar slow and prolonged release, with 28.20% and 19.78% of prodrug
released after 24h, compared to the free prodrug which was completely released after 3h.
Interestingly, the treatment on HCE-2 with both the loaded samples demonstrated an
improved tolerability compared to the (S)-(—)-MRIJF22 solution, suggesting that the
encapsulation could prevent undesired toxicity on the ocular surface. /n vitro tolerance was
also verified through HET-CAM and HET-CAM TBS tests on embryonated eggs
confirming the higher safety of the loaded samples compared to the prodrug solution, which
caused all the three analyzed events (vasoconstriction, hemorrhage, and coagulation).
In vivo Draize test on New Zealand albino rabbits confirmed the HCE-2 viability results,
demonstrating — once again — the higher tolerability of the samples compared to the
(8)-(-)-MRIJF22 solution. The antiangiogenic activity of the prodrug was verified in vivo
on fertilized eggs treated with (S)-NLC, (S)-P-NLC and (S)-(—)-MRJF22 solution for 48h.
It emerged a similar behavior for all the tested samples, demonstrating that drug
encapsulation into the NLCs did not limit the prodrug effectiveness while reducing its
potential side effects. Furthermore, the capability to prevent the inflammation was assessed

in vivo on New Zealand albino rabbits: it resulted that, at the final timepoint, all the samples
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provided a similar anti-inflammatory activity, but with different trends. The prodrug
solution activity was slower at the beginning, probably because the anti-inflammatory
activity was counterbalanced (for a certain extent) by the irritant effect of the prodrug
solution. Conversely, the two NLC systems were able to significantly reduce the
inflammation from the very firsts timepoints, being safe and providing a prolonged and
sustained activity probably attributable also to their longer permanence time on the ocular
surface. Finally, in order to investigate the biodistribution of the nanoparticles, the two
samples were loaded with the fluorescent probe FITC (obtaining F-NLC and F-P-NLC),
maintaining analogue technological features of the original carriers and being able to retain
the probe inside the particles, as confirmed by in vitro release studies. Thus, the fluorescent
samples were topically administered on New Zealand albino rabbits’ eyes, which were
sacrificed, and the eyes collected. The fluoresce microscopy analysis of the eyes’ sections
showed the capability of the nanocarriers to successfully reach the retina®® and the
quantification of the fluorescence showed a higher intensity for F-NLC compared to
F-P-NLC, both in the whole eye and in the retina; on the other hand, fluorescence of FITC
solution gave low intensity values, confirming the importance of the carrier to successfully

achieve the inner eye.
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3 CONCLUSIONS

The goal of this PhD project of overcoming biological barriers through the use of drug
delivery systems was achieved in different fields.

CNS targeting was accomplished through the development of a NLC carrier loaded with
Lavandula and Rosmarinus essential oils. The adequate technological features, as well as
the mucoadhesive properties and the cell tolerability, demonstrated the suitability of the
produced nanosystems for the nose-to-brain administration of the essential oils, as a
potential strategy to reduce the irritation while maintaining the beneficial effects of these
natural compounds in the adjuvant treatment of neurodegenerative disorders. An interest
was also directed to the nasal route for the potential administration of vaccines, designing
a triphasic W/O/W microemulsion able to encapsulate hydrophilic molecules in the inner
aqueous core. The preformulative screening allowed the selection of the most adequate
quali-quantitative composition of the microemulsion, which demonstrated to be suitable
for the nasal mucosal absorption of the hydrophilic loaded drug, as promising strategy for
vaccine delivery.

Inner eye achievement for targeted treatment of uveal melanoma was investigated firstly
loading sorafenib into a SLN, which was properly designed in terms of quali-quantitative
composition. For the interesting tolerability of the carrier, and also for the interesting
mucoadhesive properties, the developed SLN could be a promising platform for the
treatment of this aggressive cancer. Moreover, the antitumoral activity of (S)-(—)-MRJF22
in the treatment of uveal melanoma was exploited encapsulating the prodrug into NLC
nanoparticles, aiming to ameliorate the inner-eye targeting while reducing eventual drug
loss or side effects occurrence. The platform resulted to be adequate and safe for the
intended ophthalmic administration; furthermore, the enhancement of the antiproliferative
activity of the prodrug after the encapsulation into NLC was the input to further verify the
relevance of the carrier in the treatment of uveal melanoma. More exhaustive studies were
performed to characterize this NLC system by in vitro and in vivo tests, obtaining
remarkable results. The developed carrier was able to maintain the therapeutical activity of
the encapsulated prodrug, while reducing the corneal toxicity, which is a side effect of the
(8)-(—)-MRJF22 prodrug. Moreover, the targeting ability of the produced nanoparticles was
verified through in vivo biodistribution studies, which demonstrated a successful
achievement of the inner eye. These results suggest a potential therapeutical use of the

produced (S)-(—)-MRJF22 loaded NLC in the add-on treatment of uveal melanoma.
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Abstract: Essential oils are being studied for more than 60 years, but a growing interest
has emerged in the recent decades due to a desire for a rediscovery of natural remedies.
Essential oils are known for millennia and, already in prehistoric times, they were used for
medicinal and ritual purposes due to their therapeutic properties. Using a variety of methods
refined over the centuries, essential oils are extracted from plant raw materials: the choice
of the extraction method is decisive, since it determines the type, quantity, and
stereochemical structure of the essential oil molecules. To these components belong all
properties that make essential oils so interesting for pharmaceutical uses; the most
investigated ones are antioxidant, anti-inflammatory, antimicrobial, wound-healing, and
anxiolytic activities. However, the main limitations to their use are their hydrophobicity,

instability, high volatility, and risk of toxicity. A successful strategy to overcome these
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limitations is the encapsulation within delivery systems, which enable the increase of
essential oils bioavailability and improve their chemical stability, while reducing their
volatility and toxicity. Among all the suitable platforms, our review focused on the lipid-
based ones, in particular micro- and nanoemulsions, liposomes, solid lipid nanoparticles,

and nanostructured lipid carriers.

Keywords: extraction method; anti-inflammatory; antioxidant; antimicrobial; wound

healing; anxiolytic; nanoemulsions; microemulsions; liposomes; SLN; NLC.

4.1 History of Essential Oils
Essential oils (EOs) have been known for millennia: during the Neolithic Age (before 4000

B.C.) they were extracted from plants by simple squeezing and this was the turning point
that gave rise to the sedentary lifestyle. This led to the construction of the first sacred
monuments where EOs were used in rituals. Besides clay cuneiform writing pieces (2600
B.C.) discovered in Mesopotamia, one of the oldest discoveries that proves the use of EOs
for medical purposes is an Egyptian papyrus dated 2551-2528 B.C. [1]. Moreover, the
Egyptians used aromatic oils for beauty treatments and spiritual rituals, including the
ceremony of mummification; the use of EOs has allowed a good preservation of some
mummies. Generally, the Egyptians used to extract oils by infusion of the plant in a fatty
substance and consequent boiling, in this way, the aroma evaporated and fixed itself in the
fat [1]. Based on some evidences, they were aware of an oil extraction procedure by
distillation, even if this was not commonly used. “Shennong’s Herbal” is the oldest medical
book, dating back to 2700 B.C. and belonging to the Chinese tradition: it contains the usage
guidelines for 365 plants. China is still the world’s leading producer of EOs. The use of
EOs has been a fundamental part of Indian medical practice for five thousand years.
Ayurveda is a traditional book that describes the use, both medical and religious, of over
700 different types of plants, and it is still the basis of the Indian healthcare [1]. The
discovery of the stimulating and calming properties of some EOs belongs to the Greek
culture; in the temples of Asclepius and Aphrodite, marble tablets with engraved recipes of
some medicinal aromas have been found [2]. Hippocrates, considered the father of modern
medicine, documented the medicinal importance of over 300 plants [3]. He strongly
believed in the medical benefits of fumigation with aromatic oils in the treatment of the
plague; he was also convinced that the topical use of aromatic preparations could produce

systemic effects. Romans, under the influence of Greeks, used EOs for bathing and
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massages. Among the findings belonging to Romans, there is an interesting treatise on
herbal medicine dating back to the first century A.D., De Materia Medica, in which
Pedanius Dioscorides reported more than 600 remedies [1]; in the following centuries the
effectiveness of most of them was confirmed. Not less than 12 different types of EOs are
mentioned in the Holy Bible, both in Old and New Testament [3]. During the Middle Ages,
the Catholic Church banned the use of EOs for medical treatment: those who used them
were burned at the stake, because they were associated to witchcraft. Despite the
persecutions, the monks secretly kept the tradition [1]. A writing found in the island of
Cyprus and dating back to the Ottoman Empire (1571-1878) describes 231 plants and 494
prescriptions of herbs, which were used by Orthodox monks in their hospitals [4]. In the
10th century, the Persian alchemist Avicenna gave a great contribution to science and
medicine, discovering the distillation method: the first EO extracted was from rose [1].
During the 13th century, there was a great expansion of the practice of oil distillation,
extracting a great variety of aromas. In the 17th century, the use of natural extracts was
abandoned due to the discovery of chemical substances. The interest in EOs was rekindled
in 1928 thanks to Rene-Maurice Gattefossé, who coined the term “Aromatheraphie” and
discovered the healing properties of lavender EO. In 1990, the book “L’Aromatherapie
Exactement” was published, in which Daniel Pénoél and Pierre Franchomme reported the

medical properties of more than 270 EOs, and this was the starting point for many studies.

4.2 Principal Extraction Methods for Essential Oils

According to the definition given by the International Organization for Standardization
(ISO), the term EO is related to a “product obtained from vegetable raw material, either by
distillation with water or steam, or from the epicarp of citrus fruits by a mechanical process
or by dry distillation.” In order to extract EOs from vegetable raw material, different
methods can be exploited, which can be classified in two categories: the classical (or
conventional) methods and the innovative (or advanced) ones [5]. The choice of the
extraction method is decisive, since it determines the type, quantity, and stereochemical
structure of the essential oil molecules [6]. It is important to underline that the oil
composition is strictly influenced by the variety of the plant, the place where it has grown
(climate and environment, any stress suffered), the type of nutrition and fertilizers used [7].
Below a brief description of the main methods is provided. Conventional methods (Figure
1) are not very advantageous due to the thermolability of EOs (high temperatures used) and

the low quality of the extract (production of chemical artefacts, due to long extraction time).
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Among these methods Hydrodistillation can be considered a simple and old technique (it
was used by Avicenna in 10th century). The parts of the plants (particularly flowers and
petals) are directly boiled inside the water; this alembic is connected with a condenser
(which holds the essential oil) and a decanter (that collects the evaporated water) [8].
Another technique used for EOs extraction is Entrainment by water steam. The principle is
the same as hydrodistillation, but the plant is not in contact with water. There are several
variants of this method, such as vapor-hydrodistillation, steam distillation, hydro- diffusion
[9]. Organic solvent extraction is the third common method. The parts of the plant are put
inside an organic solvent and macerated; the solvent is removed under pressure, in order to
concentrate the extract. EOs extraction can also be performed by cold pressing. This is a
traditional method used to extract EOs from citrus fruit zest. Oil sacs or oil glands break
during extraction, releasing the volatile oil, which is mechanically recovered by

centrifugation [10].

y E Hydrodistillation
/ -
[ . Entrainment by water steam
| Conventional -
\ thods 1
e Organic solvent extraction
\\\
Innovative
methods

Figure 1. Schematic summary of conventional and innovative extraction methods.

Innovative methods (Figure 1), compared to the classical ones, have numerous advantages,
due to the reduction in the use of solvents and in the extraction time. Supercritical fluid
extraction is one of the most common innovative methods. The solvent used is generally
CO,, which is compressed and heated to reach the supercritical state; passing through the
parts of the plant, supercritical CO, is loaded by volatile components and extracts; in the
end, the depression phase allows the separation of the oil [11]. Subcritical extraction liquids
can be exploited using water and CO; at the subcritical state, thus using lower temperatures.

In ultrasound-assisted extraction, the vegetable is immersed in water or other solvent: the
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ultrasound action favors the release of EOs from the plant, owing to mechanical vibration
of the cellular walls and membranes [12]. Microwave-assisted extraction is one of the most
potent and promising extraction methods. There are many variants: solvent free
microwaves extraction (SFME); microwave hydrodiffusion and gravity (MHG);
microwave steam distillation (MSD); microwave steam diffusion (MSDf). Farhat and co-
worked studied the use of MSDf to extract Lavandula EO [13]. Comparing with other
extraction methods of Lavandula EOs proposed by Périno-Issartier and co-workers, it was
proved that MSDf is more efficient in terms of extraction time, and the quality of the extract
is superior [14]. Instant controlled pressure drop (DIC) method is composed of four steps:
first, the plants have to be placed under the vacuum, the steam bath is applied at determined
pressure and temperature, then the void is instantly detained and the sample is taken back
to the atmospheric pressure.

In Table 1 the advantages and drawbacks of the different EOs extraction methods described

are reported.

Table 1. Advantages and drawbacks of different essential oils (EOs) extraction methods.

Methods Advantages Drawbacks

e Long extraction time;

e Chemical alteration due to the
prolonged boiling;

e Loss of some polar compounds in
the evaporated water [15].

e EOs and water are easily separated

Hydrodistillation by decantation.

e Several hours of heating;
Entrainment by water o Less artefacts are generated; e Degradation of thermos labile
steam e The extraction time is reduced [9]. compounds;
e Odor deterioration.

The organic solvent can leave
residues in the oil produced,
compromising the safety of the
product (not usable for
pharmaceutics) [16].

e Alterations and chemical artefacts

Organic solvent extraction .
are avoided.

Conventional Methods
[ ]

e Nutraceutical content is lower
compared with the oil obtained by
solvent extraction;

e Pungent odors, due to the
breakdown products of
glucosinolates [19,23].

e Native properties (in terms of
beneficial compounds) are
Cold pressing preserved [17-22];
e Low costs;
e No plant safety problems.

e High costs (equipment and

o Higher quality of extracts, with maintenance);
§ Superecritical fluid better activities [24]; o Necessity of high CO; purity [26];
g extraction e Relatively low temperatures [25]; e Affinity of the supercritical CO; to
= e Chemical inertness [25]. low-polar and non-polar
2 compounds [26].
¢ Theoxncion i s e, LS chmneope
= Subcritical extraction e No loss of volatile and thermolabile oil [28];
= liquids compounds; . ’ .

e High amount of extractant requires
e Low costs [27]. [28].
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Methods Advantages Drawbacks
e High efficiency [29]; e Potential formation of free radicals

Ultrasound-assisted e Low temperature [29]; during sonolysis of the solvent,

extraction e Reduced solvent consumption [30];  with consequent degradation of
'§ e Less energy input [30]. labile compound by oxidation.
£ e Reduction of extraction time; e Use of high temperatures with

. . o Environmentally friendly [31]; i i

% Microwave-assisted vironmentally frie dly [31]; formation of undesirable
= extraction e Reduction of solvents; compounds;
§ o Fast and efficient extraction; o Frequent use of toxic organic
g e Better sensory properties. solvents [26].
= ¢ No significant disadvantages: it is

e Reduction of extraction time;
e Decrease of energy and water
consumption [32].

currently considered the most
efficient method of extracting
essential oils [33].

Instant controlled pressure
drop

4.3 Essential Oils Main Applications and Limits in the
Pharmaceutical Field

EOs are liquid mixtures of volatile components produced by aromatic plant secondary
metabolism. The main components are monoterpenes and sesquiterpenes and, to a lesser
extent, aromatic and aliphatic compounds, therefore, the complex mixtures of compounds
usually include terpenoids, alcohols, ethers, esters, ketones, and aldehydes in variable
concentrations, and can be obtained by over 60 families of plants [34]. Concentration
variability leads to significant heterogeneity in the products used in different studies and
makes a comparison among results difficult [35]. Generally, EOs contain about 20-60
components up to more than 100 single substances, at quite different concentrations.
Usually, two or three are the major components at high concentrations (20-70%) compared
to other components present in trace amounts [6]. EOs show characteristic physical
properties (e.g., color and solubility in water) that can represent some criteria for the
classification and qualification to different groups [36]. The use of EOs is limited due to
the following drawbacks: hydrophobicity (and, consequently, insolubility in water);
instability (caused by hydrolysis and oxidation); high volatility [37,38]. Therefore,
nowadays the researchers’ efforts are focused on the possibility to use innovative
formulation for the EO encapsulation. However, the therapeutic application of EOs as pure
compounds was studied, mainly for external applications (mouthwashes or inhalation),
since it is generally safe, except for some skin reactions and UV sensitivity (the exposure
to sunlight could cause irritation or darkening of the skin). It is important to not exceed in
the amount of the administered dose of EO and to avoid their application on broken skin,
which would induce the occurrence of significant systemic absorption and, therefore,
serious side effects. The administration of EOs by inhalation is the most rapid way

(followed by the topic one). The use of strong oils (for direct inhalation or for diffusing) is

50



Cimino, et al., Pharmaceutics 2021, 13, 327

not recommended because they may cause eye irritation. EOs oral administration is rare,

even if it is considered safe, and the EOs are generally diluted in olive oil or milk.

4.3.1 Anti-Inflammatory and Antioxidant Activities

Inflammation is an essential biological mechanism, which provides a response to harmful
stimuli coming from the outside. The inflammation can be acute, when the stimulus
produces a limited response over time, and therefore ends within a few days. It may also
be chronic, if the external insult persists over time, the person is particularly sensitive or
suffers from autoimmune pathologies. Acute inflammation is characterized by five
symptoms: calor (increase in local vascularization with elevation of the temperature),
tumor (formation of an exudate, which causes oedema), rubor (active hyperaemia causing
redness), dolor (the inflammatory components of exudate cause stimulation of sensorial
nerves and compression), and functio laesa (impairment of the functionality of the inflamed
tissue). Chronic inflammation is mainly caused by the migration, into tissues, of
mononuclear blood cells, such as monocytes and lymphocytes. The most effective therapy
is the etiological one, acting on the cause of the inflammation, for example by administering
an antibiotic if the cause is an infection. If this is not enough, or if the cause is not clear,
traditional anti-inflammatory drugs are also used. They belong to two categories: non-
steroidal anti-inflammatory drugs (NSAIDs) and corticosteroids. Especially when treating
chronic inflammation, prolonged intake of these drugs could produce significant adverse
effects, such as ulcers and gastritis for NSAIDs, or the risk of over-infection using
glucocorticoids. For this reason, there is now a growing interest in the use of natural
compounds as adjuvants for these therapies, especially chronic ones. The importance of
natural medicines in the treatment of many inflammatory diseases has always been well-
known. The “water of the Queen of Hungary”, an infusion of rosemary EO, dates back to
the 16th century, as Queen Isabell used it to cure rheumatism; it was at the court of Louis
XIV that this preparation spread in the form of medicine [39]. Many other historical
evidences, linked to traditional medicine, indicate the use of rosemary EO to treat
inflammatory conditions of different nature, like rheumatoid arthritis, asthma, bronchitis,
etc., [39—41]. One of the most commonly used in vivo model to analyze the anti-
inflammatory power of EOs is the carrageenan-induced pleurisy experiment: a group of
mice is pre-treated with the EO, while the others are monitored as positive and negative
control; each mouse is treated with the inflammatory agent, which in this situation is
carrageenan, and, at defined intervals, the paw oedema is measured. Using the above
mentioned model, Ogunwande et al. analyzed Bougainvillea glabra EO to assess its

effectiveness as an anti-inflammatory agent [42]. The groups of mice were treated with
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different concentrations of the EO and then compared with the standard group (treated with
diclofenac) and the control group (administered with saline solution). Anti-inflammatory
activity of the EO was demonstrated, and it was related to its ability of inhibiting both
histamine- and prostaglandins-mediated responses. Besides carrageenan, it is also possible
to use dextran as an inflammatory agent, as operated by Rodrigues and co-workers who
exploited both experiments to analyze Ocimum basilicum EO [43]. In the same work, also
histamine and arachidonic acid were used as a model to analyze their inflammatory
pathways. All doses administered, even lower ones, showed excellent anti-inflammatory
properties in all the performed experiments. Also, Cinnamomum osmophloeum Kanehira
leaf EO demonstrated anti-inflammatory activity, due to the presence of the two main
components, cinnamaldehyde and linalool. In another study, some mice were pre-treated
with one of the two compounds and then all were injected with endotoxin to activate the
inflammatory pathway [44]. The results obtained from these analyses were consistent and
extremely detailed: in mesenteric lymph nodes and spleen, pre-treated mice have developed
fewer inflammation mediators than the non-treated ones, including interleukin (IL)-1j,
tumor necrosis factor (TNF)-a, IL-18, interferon (IFN)-vy, nitrate/nitrite, etc. Furthermore,
the expression of different genes, proteins, receptors, and enzymes, induced by endotoxin,
was suppressed. Artemisia argyi EO was widely used in China for the treatment of chronic
bronchitis, due to the anti-inflammatory activity of his components, as asserted by Chen et
al. [45]. Among many others, they proved that the dose-dependent anti-inflammatory
activity of Artemisia argyi EO is linked to the inhibition of two important events: the
release of pro-inflammatory mediators, such as TNF-a, IL-6, IFN-B, NO, PGE2, etc., and
the phosphorylation of JAK2 and STAT1/3. The suppression of JAK/STATSs pathway also
demonstrated the antioxidant property of this EO against reactive oxygen species (ROS).
Upon this point, besides the anti-inflammatory properties of EOs, experienced for
centuries, in a more contemporary age, the researchers’ interest has also focused on the
antioxidant properties. Oxidation occurs when the balance between free radicals and
antioxidants is shifted toward the oxidizing species. Free radicals could induce a plethora
of biological events, affecting various cell’s components, like DNA or proteins, thus
inducing several consequential pathologies, such as cancers, neurodegenerative diseases
and chronic inflammation disorders. Certainly, environmental, dietary or lifestyle
conditions could result in an increased amount of radical species produced by the organism
and, therefore, in a condition of oxidative stress. It is well-known that through diet it is
possible to compensate the inadequacy of endogenous antioxidants by consuming foods

rich in vitamin A, C, and E, resveratrol, lycopene, and so on. The benefits of antioxidant
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supplementation are still subject of debate and further investigation, as an attempt is
nowadays focused to quantify the extent of this improvement. Many EOs have antioxidant
properties, and the use of EOs as natural antioxidants is a field of growing interest because
some synthetic antioxidants such as butylated hydroxyanisole (BHA) and butylated
hydroxytoluene (BHT) are now suspected to be potentially harmful to human health.
Addition of EOs to edible products, either by direct mixing or in active packaging and
edible coatings, may therefore represent a valid alternative to prevent autoxidation and to
prolong shelf life. The evaluation of the antioxidant performance of EOs still represents a
crucial issue, because many commonly used “tests” are inappropriate and give
contradictory results that may mislead future research. The chemistry explaining EO
antioxidant activity is discussed along with an analysis of the potential in food protection.
Literature methods to assess EOs antioxidant performance are critically reviewed.
Currently, antioxidants have become essential in nutrition because of their ability to protect
the body against oxidative cell damage that can produce dangerous diseases. EOs are one
of the major sources of different bioactive molecules that directly act on the body.
Literature studies describe a variety of approaches to demonstrate the antioxidant power of
EOs. Among the most common essays we can identify the DPPH (1,1-diphenyl-2-
picrylhydrazyl radical) method: this radical is characterized by an absorption band at 515
nm, which changes after the administration of an antioxidant; the radical scavenger activity
of a compound is often quantified as ICso, which is the amount of antioxidant necessary to
halve the absorbance of the DPPH. This method was used by Silva and co-workers, who
analyzed lavender EO, extracted from Lavandula augustifolia [46]. As an antioxidant,
lavender EO showed good ICsy values, indicating that antioxidant activity is dose
dependent, with a peak of activity associated with concentration of 150, 120, and 100
mg/mL. Da Silva also investigated the anti-inflammatory activity of lavender EO
performing the carrageenan assay on mice, comparing it to saline solution as negative
control and dexamethasone as positive control. The leukocytes diminishing effect was
qualitatively similar to that produced by dexamethasone, which, however, proved to be
more effective. The author suggested an involvement of a G protein-coupled receptor
and/or phospholipase C/inositol phosphate messenger. Another species of lavender EO,
Lavandula x intermedia “Sumian”, was studied by Carbone and co-workers [47] together
with Rosmarinus officinalis L. and Origanum vulgare subsp. hirtum EQO, to assess their
antioxidant and anti-inflammatory activities. The 2,2-diphenyl-1-picrylhydrazyl (DPPH)
analysis indicated that only Origanum possesses a remarkable antioxidant activity, with a

value of 216 pg/mL of Trolox equivalents. This is certainly attributable to the presence of
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large amounts of phenolic compounds, which, on the other hand, are scarcely present in
Lavandula and Rosmarinus. The same study also demonstrated the anti-inflammatory
activity of the three EOs, in the following order: Lavandula > Rosmarinus > Origanum
[47]. Another widely used reagent is the 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) cationic radical, whose protocol of use also consists in measuring the variation
of the specific absorbance. It was used by Elaguel et al., in conjunction with the DPPH
method and phosphomolybdenum assay, for demonstrating the antioxidant activity of
Lawsonia inermis EO, thus suggesting the EO possible application as adjuvant in
anticancer therapies [48]. DPPH and ABTS assays were also used to confirm the
antioxidant property of the EO extracted from blossoms of Citrus aurantium L. var. amara
Engl (CAVAO), which has also shown an even more marked anti-inflammatory activity,
that could be exploited for the development of functional foods to be used in patients with
inflammatory diseases [49]. Another assay worth mentioning is the ferric-reducing ability
of plasma (FRAP), which measures the ability to cause ferric reduction. Together with
other assays, it was useful to analyze the main active components of Anethum graveolens
seed EO, which were demonstrated to be carvone, limonene, and camphor, thus showing
that carvone is an excellent antioxidant due to the presence of unsaturated hydroxyl group
[50]. Furthermore, the antioxidant activity of Mentha spicata was confirmed by performing
FRAP and ABTS assays, suggesting a possible use of this EO in the pharmaceutical field
[51].

4.3.2 Antimicrobial Activity and Wound Healing

The treatment of microbial infections has always been one of the highest and most
ambitious goals in the pharmacological field. The ability of microorganisms to
continuously develop new drug resistance mechanisms makes this an ever-evolving field.
In fact, the resistance toward antibiotics is one of the main impediments to perform an
appropriate treatment for certain infections. Despite the availability of many classes of
antibiotics, and therefore a large number of molecules, today this problem is increasingly
relevant and alternative therapies, such as EOs, are being investigated to overcome it. Even
Hippocrates, more than two thousand years ago, affirmed that the fumigation of EOs was
useful to protect from the plague [3]. This was proved in the Middle Ages when some gangs
of robbers, due to the assumption of tinctures containing EOs, were able to steal from the
houses of the plague victims without being infected. For this reason, EOs have been
extensively studied and have been considered as a valid alternative therapy against bacterial
infections. The antibacterial activity of EOs depends on the presence of certain

components, especially mono- and sesquiterpenes, which are known as efficient
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antimicrobial agents [52]. Moreover, the highest antibacterial activity belongs to phenolic
groups, followed by cinnamic aldehydes. Other groups are also important, including
alcohols, aldehydes, ketones, ethers, and hydrocarbons [53]; specifically, antimicrobial
activity against Gram-positive bacteria is related to the amount of long-chain alcohols and
aldehydes, as stated by Shojaee-Aliabadi [52], while antimicrobial activity of alcohols is
directly proportional to their molecular weight [52,54]. Many EOs have been studied to
determine their effectiveness as antibacterial, and the most commonly used assays are the
diameter of the inhibition zone (DIZ) evaluation, by measuring the halo diameter, and the
determination of the minimum inhibitory concentration (MIC) and/or minimum
bactericidal concentration (MBC), through the microdilution method. The research
conducted by Hammer et al. [55] demonstrated the antimicrobial activity of a large number
of plant oils and extracts, derived from 37 genera, which were investigated against different
kinds of microorganisms, such as Acinetobacter baumanii, Aeromonas veronii biogroup
sobria, Candida albicans, Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae,
or Pseudomonas aeruginosa. As a result, tested EOs and plant extracts have demonstrated
in vitro antibacterial and antifungal activity against a wide range of organisms, comprising
Gram-positive and Gram-negative bacteria and a yeast [55]. Particularly relevant were the
results obtained by Cymbopogon citratus, Origanum vulgare, and Pimenta racemosa EOs.
Aniba rosaeodora, Coriandrum sativum, Cymbopogon martinii, Melaleuca alternifolia,
Melaleuca quinquenervia, Mentha piperita, Mentha spicata, Salvia officinalis, and
Origanum majorana results were also noteworthy. The lowest MIC value (0.008% v/v)
was measured by Vetiveria zizanioides against S. aureus, while Thymus vulgaris showed a
great activity against C. albicans and E. coli, with a MIC value of 0.03% v/v. Moreover,
the study carried out by Nikoli¢, Jovanovi¢ et al. [S6] confirmed a significant antimicrobial
activity of five EOs Mentha piperita, Mentha pulegium, Lavandula angustifolia, Satureja
montana, and Salvia lavandulifolia. Seven bacterial species— namely Streptococcus
mutans, Streptococcus sanguis, Streptococcus salivarius, Streptococcus pyogenes,
Pseudomonas aeruginosa, Lactobacillus acidophilus, and Enterecoccus faecalis—as well
as fifty-eight clinical oral Candida spp. were subjected to the treatment with these EOs,
confirming their potentiality as antibacterial agent [56]. The antimicrobial potential of the
tested EOs increased in the order: L. angustifolia < M. pulegium < S. lavandulifolia < M.
piperita < S. montana. P. aeruginosa [57]. As extensively reported by Bilia et al. [58],
Artemisia annua has showed great antimicrobial activity against Gram-positive and Gram-
negative bacteria, and also fungi. The review deeply describes the interesting studies on

different Gram-positive bacterial strains, with the lowest MIC values reported for
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Staphylococcus aureus, Enterococcus hirae, Enterococcus faecalis, Bacillus cereus,
Bacillus subtilis, Bacillus thuringiensis, and Bacillus spp. (all raging from 0.00781 mg/mL
of B. subtilis to 0.053 mg/mL of B. cereus). Gram-negative lowest MIC values were 0.013
mg/mL of Escherichia coli, 0.026 mg/mL of UPEC (Escherichia coli Uropathogenic), and
0.025 mg/mL of P. aeruginosa. Furthermore, the most susceptible fungi were described to
be Candida albicans and Saccharomyces cerevisiae, with a 2 mg/mL MIC value. The
interesting antimicrobial property of Artemisia annua is strictly related to all its
components as a whole. In fact, the same research group further analyzed the antimicrobial
activity of its main components (artemisia ketone, 1,8-cineole and camphor), in comparison
with the whole EO [59]. Disk diffusion method and broth microdilution assay were
performed on the most common food pathogens, namely Escherichia coli, Salmonella
enteritidis, Salmonella typhi, Yersinia enterocolitica, and Listeria monocytogenes. As
expected, the components separately tested were not able to perform as well as the entire
EO, even if the values of the diameters of inhibition zones and the obtained MBC values
were remarkable, thus suggesting that the synergism and/or antagonism occurring between
the components is necessary to achieve such a great antimicrobial activity. Zhang et al.
analyzed the antimicrobial activity of Melaleuca alternifolia EO in different strains:
Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Penicillium italicum
Wehmer, and Penicillium digitatum Sacc [60]. The EO showed a good antimicrobial
activity toward all the tested strains, with a slightly more pronounced action toward Gram-
positive bacteria, compared to Gram-negative bacteria and fungi. This is not surprising
since it is known that the wall of Gram-positive bacteria simply consists of several layers
of peptidoglycan, while the wall of Gram-negative bacteria has an additional hydrophilic
outer wall; for this reason EOs components, which are mainly hydrophobic, find it difficult
to penetrate inside the Gram-negative cells [61]. Thus, authors demonstrated that the
presence of hydrophobic terpenes is critical for Gram-positive antibacterial action, as
previously stated by Cox [62]. Moreover, terpenes’ mechanism of action was verified in
altering the permeability of the membrane by interacting with the lipid components, thus
inducing cell death [62]. A similar mechanism of action was found for Cinnamomum
glanduliferum EO [63], tested against some Gram-positive and Gram-negative bacterial
strains, and also some fungi. Through the transmission electron microscopy (TEM) assay
performed by Taha et al. on E. coli, there emerged an irreversible damage in the cell
membrane. According to the evidence obtained from this study, another plausible
mechanism of action involves the blockage of the production of some important enzymes,

such as protease and amylase, leading to cell components coagulation [64—67]. These
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phenomena are also used by fungi, which are able to cause the destruction of the cell
membrane even through the ability to inhibit the production of cellular energy and to create
a pH gradient between the cell and the external medium. These phenomena, in this
particular EO context, are caused by the great amount of eucalyptol, and also due to the
significant presence of other terpenes (terpinen-4-ol and a-terpineol); these three major
compounds, as the author suggested, were responsible for the antimicrobial activity of
Cinnamomum glanduliferum EO. Insawang and co-workers compared five cultivars of
Lavandula stoechas, in order to assess the differences in their antimicrobial behavior
against some bacterial strains [68]. This study is a further confirmation that the presence of
eucalyptol (and terpenes in general) is crucial for the antimicrobial activity of the EO.
Thymol and carvacrol have been investigated for their antimicrobial properties by
Pesavento and coworkers [69], who reported the antimicrobial activity of Origanum
vulgare EO on opportunistic respiratory pathogens. In this work, 59 bacterial strains
belonging to Staphylococcus aureus, Stenotrophomonas maltophilia, and Achromobacter
xylosoxidans species were subjected to the treatment with Origanum vulgare EO [69]. All
strains resulted to be highly susceptible, even in the treatment with low EO concentrations.
In particular, a 48-h-long treatment with a 0.5% v/v concentration of the EO was able to
completely inhibit (100%) the growth of A. xylosoxidans, S. maltophilia and multi-resistant
Staphylococcus aureus (MRSA). Interestingly, the selected strains belonged to different
bacterial species or genera, and it emerged that none of them muted becoming resistant:
these findings suggested that the broad activity of Origanum vulgare EO could be achieved
through the interaction with multiple cellular targets, thus minimizing the possible
occurrence of mutant-resistant strains. These results encourage a possible use of Origanum
vulgare EO in the treatment of multidrug-resistant cystic fibrosis (CF) pathogens, as
suggested by the authors [69].

Thymus sipyleus was investigated to demonstrate its effectiveness in the treatment of
rhinosinusitis, as already used in traditional medicine [70]. Eight bacterial strains —
Staphylococcus aureus, methicillin-resistant S. aureus (MRSA), S. epidermidis, S.
pyogenes, S. pneumoniae, P. aeruginosa, M. catarrhalis, and H. influenzae — were analyzed
using three different methods. Comparing with ampicillin, clarithromycin,
chloramphenicol, and amoxicillin/clavulanic acid (1:1) as positive controls, the agar
diffusion method demonstrated that all bacterial strains were susceptible, with a maximum
value for S. aureus; the only exception was P. aeruginosa, however this result is related to
the higher resistance of Gram-negative bacteria compared to Gram-positive ones, as

previously described [3,65,71-73]. The microdilution method has shown that the EO
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showed an excellent antimicrobial activity on these species at all the tested concentrations,
though the effectiveness was lower than one of the positive controls. The vapor diffusion
method has also produced encouraging results, especially by demonstrating good action
against MRSA strain. The antimicrobial activity of EOs can be exploited in the treatment
of skin injury infections. In fact, the presence of the wound causes the reduction in the
primary barrier effect, performed by the skin toward the external environment and, as the
most dangerous consequence, an increased risk of exposure to microbial infections [65,74—
76]. EOs have been recognized as a valid therapy in injured skin infections for their proven
antimicrobial activity against multidrug-resistant skin pathogens; however, at certain
concentrations, EOs could be cytotoxic, so the risk-benefit ratio for each one should be
previously assessed [77]. Another feature supporting the topical use of EOs is their ability
to promote wound healing. This potential was discovered by the French chemist Rene-
Maurice Gattefossé about a century ago: an explosion in his laboratory caused a severe
burn to his hand, but the immersion in lavender EO provided a quick healing, without
infection or scar marks. Since that period, many studies aimed at deepening the biochemical
basis of this phenomenon, in order to confirm a possible use of EOs for skin healing.
Wound healing is composed by three phases: The first one is the inflammatory phase,
which includes bleeding blockage, then vasodilation and immune system recruitment [78];
the second phase involves the proliferation of various cell lines, including fibroblast,
leading to tissue granulation and angiogenesis [79-81]; finally, in the third phase new
collagen fibers are generated and fibroblasts differentiate, bringing the two edges of the
wound closer to each other [78—82]. Costa and co-workers demonstrated that the presence
of carvacrol and thymol, the most widespread monoterpenes, is relevant in determining EO
tissue repairing activity [75]. In fact, among their various biological activities, they can
modulate all phases of tissue regeneration, especially the first one, because of their great
anti-inflammatory action. Moreover, due to their remarkable anti-inflammatory action,
sesquiterpenes are also able to promote tissue repair, eventually in synergy with
monoterpenes [83]. Recently, Seyed Ahmadi et al. illustrated the biochemical mechanisms
that permit wound healing through the topical administration of Cinnamon verum EO,
using a mice model of wound infected by Staphylococcus aureus and Pseudomonas
aeruginosa [84]. Besides the proven antimicrobial activity of the EO, also its antioxidant
and anti-inflammatory activities were found relevant, because the shorter the inflammatory
phase lasts, the faster the proliferative process that leads to wound healing begins.
Furthermore, the three main biochemical mediators modulated by the EO were identified:

IGF1, whose expression was enhanced, leading, among other implications, to an increase
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of fibroblast cells and proliferation; VEGF and FGF-2, whose biosynthesis and expression
were up-regulated, respectively, improving the angiogenesis, which is important in various
stages of inflammation and cell proliferation. Melaleuca alternifolia was investigated by
Edmondson and co-workers to assess its antimicrobial and wound-healing activity [85].
The volunteers, who had wounds infected with Methicillin-resistant Staphylococcus aureus
(MRSA), were medicated for a few days with an EO solution: the antibacterial action of
the EO toward this resistant bacterial strain was demonstrated. Moreover, the reduction in
size of the wound was found significant according to the analytical method used, thus
authors demonstrated that the EO is able to promote the wound healing. Wounds infected
with MRSA were also subjected to the treatment with Anethum graveolens EO, obtaining
many important results [86]. Antimicrobial activity was demonstrated by the significant
reduction in bacterial growth. In addition, this EO proved to be able to influence various
phases of wound healing. In the inflammatory phase, it increased the expression of p53 and
caspase-3, which respectively promote apoptosis and stimulate the proliferation of stem
cells to repair tissue [87]. Moreover, this EO up-regulated the expression of Bcl2, an anti-
apoptotic agent, as well as VEGF and FGF2, which have important roles in angiogenesis
and epithelial cells proliferation and differentiation [88—90]. Finally, it influenced the
expression of Ero-promoting collagen biosynthesis. These results demonstrated the
potential use of Anethum graveolens EO in the treatment of infected wounds, due to the
healing properties related to the presence of its major compounds, a-phellandrene, p-
cymene, and carvone. Lavandula angustifolia EO has also proven to have great beneficial
effects on wounds. Mori and co-workers demonstrated that the topical application of this
EO on wounded mice caused a faster closure of the lesion compared to the untreated and
control groups, suggesting its potential use in the initial stages of tissue regeneration [91].
Moreover, the ELISA analysis showed a significant augmentation of TGF-f levels, which
promotes wound contraction through increasing the number of fibroblasts, thus resulting in
an intensified collagen production. Finally, it emerges that Lavandula angustifolia EO
caused a quicker switch from collagen type III to collagen type I. All the cited studies
therefore showed that EOs for topical use may constitute, in the close future, the alternative

therapy for the treatment of chronic and infected wounds.

4.3.3 Anxiolytic Activity

Since past ages, it is well-known that natural substances are able to affect the psychic
functions of an individual [92]. In literature an impressive number of information is
reported about the plants employed to treat symptoms related to the most common

psychiatric disorders [93,94]. Among these, it is noteworthy to mention the mandrake,
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whose magical qualities were showed during the Middle ages, probably for its sedative-
hypnotics effects or the hellebore, a drug known to treat paranoia, epilepsy [92,95], and
also hysterical suffocation which today refers to “functional neurologic symptom disorder”
[96]. In this context, it is remarkable to mention the important traditional drugs extracted
from plants, able to affect the central nervous system (CNS). For instance, reserpine
isolated from Rauwolfia serpentina, has revolutionized schizophrenia treatment [97], as
well as morphine, derived from Papaver somniferum, which act to decrease the feeling of
pain [98]. In the past few years, the competition between synthetic and natural drugs has
led to the reevaluation of the plant world, with a significant increase in pharmaceutical
plantation investments. In this recent scenario, EOs represent a new challenge by means of
their pharmaceutical applications to improve physical, mental, and emotional well-being.
The beneficial effects of EOs are achieved by administering (e.g., inhalation, ingestion or
cutaneous application) these substances within therapeutic doses, but if these dosages are
exceeded, the effects may be harmful to the human body [99]. Inhalation is most commonly
used in the acute administration [100]. Remarkably, olfactory system is considered the
primordial sensory system in animals: its role is the identification of mixed molecules,
present in the environment, to capture new information. To date, the most supported
mechanism about olfactory system was described by Linda Buck and Richard Axel.
Accordingly, they showed that the detection of distinct odorants may be the result of the
association of odorous ligands with specific receptors on olfactory sensory neurons [101].
In particular, through the inhalation, odorant molecules combine with olfactory receptors
(ORs) located on the nasal olfactory epithelium, whence the transmission of signals start
from olfactory tracts to the olfactory bulb which, in turn, has a link to the limbic system-
mostly with amygdala, responsible for emotional regulation, and hippocampus, involved
in memory processes [35]. Therefore, emotional effects of smells can include fear, anxiety,
aversion, as well as pleasure or relaxation, through releasing neurotransmitters, such as
endorphins, producing a sense of well-being [102]. For this reason, recent scientific reports
suggested benefits in aromatherapy. Accordingly, it is not surprising that today a PubMed
search with the keywords “essential oil” results in more than 22,700 publications. In this
regard, it is noteworthy to mention Marguerite Maury, one of the first researchers
demonstrating the potential effects of EO on the nervous system, mostly in the limbic
system [99]. Nowadays aromatherapy is practiced in several countries, including UK,
France, USA and Australia, as “complementary therapy” in association with the traditional
medicine. The desire to re-evaluate some traditional forms of medicine as integrative

remedy has recently been expressed by the World Health Organization (WHO) (World
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Health Organization. WHO Traditional Medicine Strategy: 2014-2023, Geneva: WHO;
2014). Considering the effects of EOs at the CNS and according to a plethora of evidences
[103,104], the use of EO as supplementary treatment can be a powerful coadjuvant in the
care of patients with anxiety disorders [105]. Anxiety disorders, in its pathological
meaning, represent one of the most common classes of psychiatric disorders, which impact
negatively the quality of people’s life [106]. According to the Diagnostic and Statistical
Manual of Mental Health Disorders, anxiety disorders can be classified into several main
types: generalized anxiety disorder (GAD), panic disorder, specific phobia (SP),
agoraphobia, selective mutism, social anxiety disorder (SAD) or social phobia, separation
anxiety disorder, as described by the American Psychiatric Association. Common
comorbidities include mood substance and personality disorders [107]; moreover anxiety
disorder affects women more easily than men [100]. Psychological, environmental,
biological, and genetic factors represent the main causes of predisposition to anxiety
disorders [108]. Currently the first and second line treatments for anxiety include
benzodiazepines (BZD), selective serotonin reuptake inhibitors (SSRI), serotonin
norepinephrine reuptake inhibitors (SNR1), tricyclic antidepressant (TCA), monoamine
oxidase inhibitor (MAOI), up to the most recent atypical antidepressants. Furthermore,
innovative compounds are being developed for glutamate, neuropeptide, and
endocannabinoid systems [109]. Although many efforts have been made, unfortunately the
most anxiolytic drugs, even if effective, can cause a series of side effects, as well as
induction of a state of dependence and tolerability problems. Moreover, another obstacle
in the development process of anxiety drugs includes lack of the full understanding of
anxiety disorders related physiopathology [110]. For these reasons, it is essential to
consider the additional effective treatments. The use of EOs would seem a promising way
to reduce mild anxiety symptoms or at least to potentiate the effect of traditional anxiolytic
approaches: accordingly, an innovative “pharmaco-ethology” approach attempting to find
drugs with new mechanism of action is needed [111]. Most of the EOs have been proven
to be anxiolytic in clinical trials as well as in animals through the most reliable behavioral
models, such as open field (OF) test [112], elevated plus maze (EPM) test [113], social
interaction (SI) test [114], light and dark box (LDB) test [115], marble-burying (MB) test
[116], etc., and pharmacological approaches to induce anxiety in mice or rats [117]. Among
all the studies reported, Lavandula angustifolia (the most used species of lavender) is
widely studied also for its anxiolytic effects [118]. The exposure to lavender smell showed
an anxiolytic profile similar to diazepam, mostly in female gerbils [119]. Investigation of

the effects of inhaled linalool, a monoterpene commonly found in several aromatic plant,
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as well as in Lavandula angustifolia, showed anxiolytic properties in mice, increased social
interaction, and decreased aggressive behavior [120]. Results showed that the inhalation of
L. angustifolia EO had an anxiolytic effect in rats with decrease of freezing, as well as a
reduced expression of c-Fos in prefrontal cortex and amygdala [121]. Shaw et al. compared
the effects of lavender oil with the chlordiazepoxide (CDP), as anxiolytic reference,
suggesting that lavender oil has anxiolytic effects on rats during the open field test, but that
a sedative effect can also occur at the highest doses [122]. Interestingly, there are also some
clinical evidences, which confirm in vivo studies. Karan et al. (Germany), described that
the anxiolytic effect of lavender oil inhalation was able to reduce peri-operative anxiety in
patients undergoing surgical procedures under local anesthesia [123]. Kritsidima and co-
workers, in a randomized controlled trial on patients, described how the lavender scent
reduces state anxiety in dental patients [124]. A pilot study on the effects of lavender oil
on anxiety and depression in the high risk postpartum woman showed a significant
improvement of the Edinburgh Postnatal Depression Scale and Generalized Anxiety
Disorder Scale after four consecutive weeks of lavender administration [125]. In another
study on forty-five adult outpatients which met the DSM-5 criteria for major depression,
anti-cholinergic side effects of imipramine, such as dry mouth and urinary retention, were
observed less often when lavender was administered with that drug, suggesting an effective
adjuvant therapy in combination with this latter [126]. A study including 40 students with
Premenstrual Syndrome (PMS) problems and 37 students as control groups showed that
lavender inhalation could be used to reduce symptoms of PMS, such as anxiety [127].
Several studies reported pharmacological properties of lavender EO to interact with
neuropharmacological targets. Chioca et al. described that serotoninergic transmission, in
particular 5-HT 4 receptors, could play an important role in the anxiolytic-like effect of
lavender EO. Surprisingly in the same study lavender oil inhalation appeared to attenuate
the serotoninergic syndrome induced by SNRI [128]. However, other findings suggested
that the serotonergic transmission via 5-HT4aR may not be involved in the anxiolytic
effects induced by linalool odor: a potential role of GABAergic transmission was
described, especially on GABA-A receptors, enhancing the inhibitory tone of the nervous
system [129]. Other papers suggested a novel mechanism, compared with traditional
anxiolytic drugs, in which linalool and linalyl acetate displayed inhibitory activity on Ca*"
influx mediated by voltage-dependent calcium channels (VGCCs) [104]. To date in
Germany, the EO extract of L. angustifolia for oral administration has been developed,
approved and it is a registered drug for the treatment of restlessness accompanying anxious

mood. The SLO product (Silexan, W. Spitzner Arzneimittelfabrik GmbH, Ettlingen,

62



Cimino, et al., Pharmaceutics 2021, 13, 327

Germany) contains the two primary constituents of lavender oil—linalool and linalyl
acetate—at concentrations of 36.8% and 34.2%, respectively [105,130,131]. This drug has
significant anxiolytic and sleep-improving effects not associated with sedation [132] and
also the absence of potential dependency [133]. Lavender, as well as a lot of EOs (Table
2), is “generally recognized as safe” (GRAS) as a food by the U.S. Food and Drug
Administration. In general, lavender is well tolerated, but more information is needed, as
well the safety on the excretion of some lavender components into breastmilk. Because
different or also identical chemotypes can have very different chemical components, it is
not surprising that linalool is not the only one having anxiolytic action (Table 2). According
to the available clinical studies, Citrus aurantium EO on the treatment of anxiety, in
patients with chronic myeloid leukemia (CML) [134], as well as in patients with acute
coronary syn-drome (ACS) [135] showed a reduction of symptoms associated with anxiety.
Also, Citrus sinensis and Citrus bergamia EO demonstrated positive effects against signs
of mild anxiety [136]. In another studies the researchers assessed the effect of Rosa
damascene EO, showing a reduction of anxiety and pain in the first stage of labor [137], as
well as Osmanthus fragrans oil and grapefruit oil were effective complementary treatments
for anxious patients undergoing colonoscopy [138]. Tankam and co-workers investigated
the potential of Piper guineense EO in mice, demonstrating that its inhalation could induce
a mild tranquilizing effect [139]. Other studies suggested that lemon oil possesses
anxiolytic and antidepressant-like effects, probably through the suppression of DA activity
related to enhanced 5-HTergic neurons [140]. Zhang et al. showed an anxiolytic effect on
male mice after inhalation of Cananga odorata EO (ylang-ylang EO) [141]. Another study
analyzed the potential anxiolytic properties of inhaled coriander volatile oil, extracted from
Coriandrum sativum, on a rat model of Alzheimer’s disease [142]. Forms of emotional
memory associated to anxiety states were observed in a pilot study on postpartum women,
demonstrating a reduction of anxiety levels using a rose/lavender oil blend for 15 min twice
weekly during 4 weeks [125]. Even if our purpose is to discuss about aromatherapys, it is
noteworthy to admit that all the anxiolytic-like effects in animal models have been obtained
also through oral or IP administration [143—146]. Evidence suggests that aromatherapy
might be used as a complementary treatment, however some papers seem to support the
ineffectiveness of Eos. For instance, Fazlollahpour and co-workers described that
inhalation of aromatherapy with 4% rose EO could not significantly alleviate anxiety in
patients undergoing coronary artery bypass graft (CABG) surgery [147]. Another study
trials conducted in 2007 did not demonstrate a statistically significant relationship between

the use of EOs and anxiety reduction [148].
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Table 2. EOs generally recognized as safe by Food and Drug Administration (FDA). Source:

1dx?SID=69¢1693f1fe5cddde23bdc34d0731b05&me=true&node=pt21.6.582&rgn=div5#se21.6.582_120.

https://www.ecfr.gov/cgi- bin/text-

Accessed on 10 February 2021.

Common Name

Botanical Name of Plant Source

Alfalfa

Medicago sativa L.

Allspice

Pimenta officinalis Lindl.

Almond, bitter (free from prussic acid)

persica (L.) Batsch.

Ambrette (seed)

Hibiscus moschatus Moench.

Angelica root

Angelica archangelica L.

Angelica seed

Do.

Angelica stem

Do.

Angostura (cusparia bark)

Galipea officinalis Hancock.

Anise

Pimpinella anisum L.

Asafetida

Ferula assa-foetida L. and related spp. of Ferula.

Balm (lemon balm)

Melissa officinalis L.

Balsam of Peru

Myroxylon pereirae Klotzsch.

Basil Ocimum basilicum L.
Bay leaves Laurus nobilis L.
Bay (myrcia oil) Pimenta racemosa (Mill.) J. W. Moore.

Bergamot (bergamot orange)

Citrus aurantium L. subsp. bergamia Wright et Arn.

Bitter almond (free from prussic acid)

persica (L.) Batsch.

Bois de rose

Aniba rosaeodora Ducke.

Cacao

Theobroma cacao L.

Camomile (chamomile) flowers,
Hungarian

Matricaria chamomilla L.

Camomile (chamomile) flowers,
Roman or English

Anthemis nobilis L.

Cananga Cananga odorata Hook. f. and Thoms.
Capsicum Capsicum frutescens L. and Capsicum annuum L.
Caraway Carum carvi L.

Cardamom seed (cardamon)

Elettaria cardamomum Maton.

Carob bean

Ceratonia siliqua L.

Carrot

Daucus carota L.

Cascarilla bark

Croton eluteria Benn.

Cassia bark, Chinese

Cinnamomum cassia Blume.

Cassia bark, Padang or Batavia

Cinnamomum burmanni Blume.

Cassia bark, Saigon

Cinnamomum loureirii Nees.

Celery seed Apium graveolens L.

Cherry, wild, bark Prunus serotina Ehrh.

Chervil Anthriscus cerefolium (L.) Hoffm.
Chicory Cichorium intybus L.

Cinnamon bark, Ceylon

Cinnamomum zeylanicum Nees.

Cinnamon bark, Chinese

Cinnamomum cassia Blume.

Cinnamon bark, Saigon

Cinnamomum loureirii Nees.

Cinnamon leaf, Ceylon

Cinnamomum zeylanicum Nees.

Cinnamon leaf, Chinese

Cinnamomum cassia Blume.

Cinnamon leaf, Saigon

Cinnamomum loureirii Nees.

Citronella Cymbopogon nardus Rendle.

Citrus peels Citrus spp.

Clary (clary sage) Salvia sclarea L.

Clove bud Eugenia caryophyllata Thunb.

Clove leaf Do.

Clove stem Do.

Clover Trifolium spp.

Coca (decocainized) Erythroxylum coca Lam. and other spp. of Erythroxylum.
Coftee Coffea spp.

Cola nut Cola acuminata Schott and Endl., and other spp. of Cola.
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Common Name

Botanical Name of Plant Source

Coriander

Coriandrum sativum L.

Corn silk

Zea mays L.

Cumin (cummin)

Cuminum cyminum L.

Curacao orange peel (orange, bitter

Citrus aurantium L.

peel)

Cusparia bark Galipea officinalis Hancock.

Dandelion Taraxacum officinale Weber and T. laevigatum DC.
Dandelion root Do.

Dill Anethum graveolens L.

Dog grass (quackgrass, triticum)

Agropyron repens (L.) Beauv.

Elder flowers

Sambucus canadensis L. and S. nigra L.

Estragole (esdragol, esdragon,

tarragon)

Artemisia dracunculus L.

Estragon (tarragon)

Do.

Fennel, sweet

Foeniculum vulgare Mill.

Fenugreek Trigonella foenum-graecum L.
Galanga (galangal) Alpinia officinarum Hance.
Garlic Allium sativum L.

Geranium Pelargonium spp.

Geranium, East Indian

Cymbopogon martini Stapf.

Geranium, rose

Pelargonium graveolens L’Her.

Ginger Zingiber officinale Rosc.

Glycyrrhiza Glycyrrhiza glabra L. and other spp. of Glycyrrhiza.
Glycyrrhizin, ammoniated Do.

Grapefruit Citrus paradisi Macft.

Guava Psidium spp.

Hickory bark Carya spp.

Horehound (hoarhound) Marrubium vulgare L.

Hops Humulus lupulus L.

Horsemint Monarda punctata L.

Hyssop Hyssopus officinalis L.

Immortelle Helichrysum augustifolium DC.

Jasmine Jaminum officinale L. and other spp. of Jasminum.
Juniper (berries) Juniperus communis L.

Kola nut Cola acuminata Schott and Endl., and other spp. of Cola.

Laurel berries

Laurus nobilis L.

Laurel leaves

Laurus spp.

Lavender

Lavandula officinalis Chaix.

Lavender, spike

Lavandula latifolia Vill.

Lavandin

Hybrids between Lavandula officinalis Chaix and Lavandula
latifolin Vill.

Lemon

Citrus limon (L.) Burm. f.

Lemon balm (see balm).

Lemon grass

Cymbopogon citratus DC. and Cymbopogon flexuosus Stapf.

Lemon peel Citrus limon (L.) Burm. f.

Licorice Glycyrrhiza glabra L. and other spp. of Glycyrrhiza.
Lime Citrus aurantifolia Swingle.

Linden flowers Tilia spp.

Locust bean Ceratonia siliqua L.

Lupulin Humulus lupulus L.

Mace Mpyristica fragrans Houtt.

Malt (extract) Hordeum vulgare L., or other grains.
Mandarin Citrus reticulata Blanco.

Marjoram, sweet Majorana hortensis Moench.

Mate 1 1lex paraguariensis St. Hil.

Melissa (see balm).

Menthol Mentha spp.

Menthyl acetate Do.

Molasses (extract)

Saccharum officinarum L.
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Common Name Botanical Name of Plant Source
Mustard Brassica spp.
Naringin Citrus paradisi Macf.
Neroli, bigarade Citrus aurantium L.
Nutmeg Myristica fragrans Houtt.
Onion Allium cepa L.
Orange, bitter, flowers Citrus aurantium L.
Orange, bitter, peel Do.
Orange leaf Citrus sinensis (L.) Osbeck.
Orange, sweet Do.
Orange, sweet, flowers Do.
Orange, sweet, peel Do.
Origanum Origanum spp.
Palmarosa Cymbopogon martini Stapf.
Paprika Capsicum annuum L.
Parsley Petroselinum crispum (Mill.) Mansf.
Pepper, black Piper nigrum L.
Pepper, white Piper nigrum L.
Peppermint Mentha piperita L.
Peruvian balsam Mpyroxylon pereirae Klotzsch.
Petitgrain Citrus aurantium L.
Petitgrain lemon Citrus limon (L.) Burm. f.
Petitgrain mandarin or tangerine Citrus reticulata Blanco.
Pimenta Pimenta officinalis Lindl.
Pimenta leaf Primenta officinalis Lindl.
Pipsissewa leaves Chimaphila umbellata Nutt.
Pomegranate Punica granatum L.

Xanthoxylum (or Zanthoxylum) Americanum Mill. or

Prickly ash bark Xanthoxylum clava-herculis L.

Rosa alba L., Rosa centifolia L., Rosa damascena Mill., Rosa

Rose absolute gallica L., and vars. of these spp.

Rose (otto of roses, attar of roses) Do.

Rose buds Do.

Rose flowers Do.

Rose fruit (hips) Do.

Rose geranium Pelargonium graveolens L Her.
Rose leaves Rosa spp.

Rosemary Rosmarinus officinalis L.
Rue Ruta graveolens L.
Saffron Crocus sativus L.

Sage Salvia officinalis L.
Sage, Greek Salvia triloba L.

Sage, Spanish Salvia lavandulaefolia Vahl.
St. John’s bread Ceratonia siliqua L.
Savory, summer Satureia hortensis L.
Savory, winter Satureia montana L.
Schinus molle Schinus molle L.

Sloe berries (blackthorn berries) Prunus spinosa L.
Spearmint Mentha spicata L.

Spike lavender Lavandula latifolia Vill.
Tamarind Tamarindus indica L.
Tangerine Citrus reticulata Blanco.

Nutgalls of Quercus infectoria Oliver and related spp. of

Tannic acid Quercus. Also in many other plants.

Tarragon Artemisia dracunculus L.

Tea Thea sinensis L.

Thyme Thymus vulgaris L. and Thymus zygis var. gracilis Boiss.
Thyme, white Do.

Thyme, wild or creeping Thymus serpyllum L.

Triticum (see dog grass).
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Common Name Botanical Name of Plant Source
Tuberose Polianthes tuberosa L.
Turmeric Curcuma longa L.
Vanilla Vanilla planifolia Andr. or Vanilla tahitensis J. W. Moore.
Violet flowers Viola odorata L.
Violet leaves Do.
Violet leaves absolute Do.
Wild cherry bark Prunus serotina Ehrh.
Ylang-ylang Cananga odorata Hook. f. and Thoms.
Zedoary bark Curcuma zedoaria Rosc.

4.4 EOs Encapsulation Strategies in Drug Delivery Systems

Despite many interesting applications, the EOs are fragile and unstable volatile compounds,
subject to enzymatic reactions, phenomena that compromise their biological properties,
causing a decrease of activity and an increase of toxicity (irritation, photosensitization,
etc.,), which limit their traditional use. These limits could be improved exploiting the
encapsulation of EOs in drug delivery systems (DDS) that provide a controlled drug
release, increasing the bioavailability and efficiency of EO, thus providing an optimal
pharmacokinetic profile [6]. Literature production on the encapsulation of EOs mostly
deals with food, textile, and cosmetic industry [ 149], even if in the recent decade the interest
in the pharmaceutical field has raised, as demonstrated by the increasing number of
published papers concerning the delivery of EOs for pharmaceutical applications (Figure
2).
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Figure 2. Number of published research articles searching the keywords “essential oils” and “delivery” and
“pharmaceutical”, source PubMed, last update 12 January 2021.
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Many advantages can be listed when exploiting EOs encapsulation in DDS, such as:
increased bioavailability (due to the ability of DDS to adhere to the mucous membrane);
protection from hydrolysis and oxidation, thus increasing EO chemical stability; reduction
of toxicity and volatility; the possibility of reaching target sites with therapeutic doses, thus
increasing the patient’s compliance. Different strategies related to the use of DDS have
been explored for the potential encapsulation of EOs, including polymeric nanoparticles
and inclusion complexes with cyclodextrins, which have been extensively reviewed
[6,150]. Herein, we focus on vesicular and nanoparticulate lipid-based delivery
formulations, such as micro- and nanoemulsion, liposomes, solid lipid nanoparticles

(SLN), and nanostructured lipid carriers (NLC) (Figure 3).
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Figure 3. Main lipid-based delivery systems for EOs delivery. Adapted from [151].

4.4.1 Micro- and Nanoemulsions

Microemulsions (mean droplet size 100—400 nm [152]) and nanoemulsions (1 to 100 nm
[153]) are isotropic dispersions of two non-miscible liquids (oil and water). The former is
thermodynamically stable system in which the inner phase can figure as spheroid, cylinder-
like, plane-like, or as a bicontinuous structure [154], whereas the latter is
thermodynamically unstable, usually requiring a co-surfactant because its free energy is
higher than the free energy of the separate oil and water [155].

A range of different EOs formulated both in micro- and nanoemulsions have demonstrated

certain antimicrobial, antiviral, and antifungal activities [156] (Figure 4).
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Figure 4. Nanoemulsions and microemulsions s for EOs delivery. Adapted from [157].

EOs have also demonstrated analgesic, anti-inflammatory, antioxidant, antibacterial, anti-
fungal, sedative, and antidepressant effects, and through topical application, can effectively
heal burns and insect bites [158], therefore they can be used in the treatment of skin
wounds. This effect is related to their ability to damage the bacterial cell wall or cell
membrane, thus increasing cell membrane permeability and solubilization, with the
consequent release of membrane proteins, leading to bacteriostasis [159]. Despite the very
promising medicinal activities, some factors limit the pharmaceutical application of EOs
as antimicrobial agent in topical treatment, mainly because their directly exposure to the
skin could potentially induce an allergic reaction. Moreover, EOs are highly instable and
easily degrade when exposed to external factors (oxidation, evaporation, heat, and light)
[6]. Furthermore, low aqueous solubility and high volatility limit their free use without a
pharmaceutical vehicle. One of the ways to overcome these limits is the use of
encapsulation strategies, into vesicular or particulate delivery systems. One strategy
consists in the use of micro or nanoemulsions. These vesicular nanosystems have been
demonstrated to increase the EOs bioavailability and diffusion—thanks to their small
droplets size—and contribute to the antimicrobial and anti-biofilm activities—due to the
wetting ability of surfactants [160], since the high surface tension of the droplets favors
their fusion with the membranes of prokaryotes, viruses and eukaryotic cell of fungi,
leading to the destruction of these organisms [161]. Interestingly, Donsi et al. demonstrated
that the nanoencapsulation of terpenes extracted from Melaleuca alternifolia improved the
antimicrobial activity compared to the unencapsulated mixture, but they also reported that
the theoretical higher delivery efficiency of nanoemulsion loaded with terpenes, associated
with its smaller mean droplet diameter, is likely counter-balanced by the partial degradation
of some active compounds, and in particular, carvacrol [162]. Sugumar and co-workers
studied the antimicrobial effect of Eucalyptus EO, both in pure form and encapsulated into
nanoemulsions [163]. The antibacterial studies of nanoemulsion obtained by sonication
against Staphylococcus aureus by time kill analysis showed complete loss of viability

within 15 min of interaction, thus confirming a high interaction with the bacterial
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membrane and therefore an increase in antimicrobial activity. The integrity of the bacterial
membrane was analyzed in the range 0—60 min, showing an immediate loss of cytoplasmic
contents of 83.32%. Interestingly, wound contraction activity studies showed better wound-
healing activity in animals treated with nanoemulsion (100% wound healing on day 16),
compared with the commercially available drug neomycin treated (94.2% healing rate) and
control rats, probably due to the ability of the droplets to form a film on the skin after the
evaporation of nanoemulsion water phase, and to the presence of cineole in the eucalyptus
oil, a well-known penetration enhancer in transdermal DDS and topical application studies
[164]. Alam and co-workers investigated the wound contraction activity of clove EO in
nanoemulsion by in vivo studies on rats, in comparison to clove EO pure treatment and
positive control treated with gentamycin [165]. The collected results demonstrated that the
wound contraction and epithelialization time obtained with clove EO-loaded nanoemulsion
and gentamycin were comparable, while EO-loaded nanoemulsion results to be more
effective than the pure clove EO. The authors also investigated the wound contraction
activity of nanoemulsions loaded with Eucalyptus EO [166]. Again, the effectiveness of
the EO-nanoemulsion was statistically higher compared to the pure EO, reaching
epithelization time results similar to those obtained in the treatment with gentamycin. All
the results obtained by Alam and co-workers underline that EO encapsulation into
nanoemulsion allows increasing the effectiveness in the wound-healing treatment.
Recently, the potential application of Lavandula angustifolia EO and licorice extracted
from Glycyrrhiza glabra, in a nanoemulsion delivery system was investigated [167]. In this
work, Kazemi et al. demonstrated that this formulation strongly improved the wound-
healing process at different stages (wound closure, epithelialization, and molecular
processes). In particular, nanoemulsion loaded with Lavandula angustifolia EO and
licorice extract was able to increase the expression of TGF-B1, type I and type III collagen
genes, which are involved in the acceleration of the wound-healing process. The authors
attributed this effect to the role of Lavandula angustifolia EO on the stimulation of TGF-
B1, an important regulatory factor in reproduction fibroblasts which is involved in the
formation of granular tissue as well as in the synthesis and accumulation of collagen fibers
[167]. EOs-loaded nanoemulsions have also been studied for their potential anti-
inflammatory activity by in vitro and in vivo (in zebrafish) assays [39,168]. In particular,
Borges et al. focused on the anti-inflammatory activity of nanoemulsions loaded with
Rosmarinus officinalis L. EO, exploiting two parameters: the cellular antioxidant activity
(CAA) and the nitric oxide (NO-) production. Interestingly, authors found that the values

obtained from the antioxidant activity studies of the pure EO were not significantly
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different to the one of the respective nanoemulsion, even if the concentration of Rosmarinus
officinalis L. EO in the nanoemulsion was three times lower compared to the pure EO. The
obtained results were correlated to the lipophilicity of the nanoemulsion droplets, which
facilitate the penetration into the cell membranes thus promoting the release of EO.
Furthermore, Borges et al. demonstrated that Rosmarinus officinalis L. EO was able to
induce a dose-dependent reduction of NO- production, whereas a dose-independent effect
was observed for nanoemulsions whose activity was greater than pure EO [39]. Therefore,
authors concluded that the produced nanoemulsions was able to enhance the anti-
inflammatory effect of EO, further reducing the production of NO-. In particular, the
potential pro- or anti-inflammatory effect of EO was investigated on human keratinocytes
and fibroblasts, in order to evaluate their safe use for operators [168]. Herein, Rossi et al.,
as well as proving that EOs present a strong toxicity against larvae and pupae of the main
malaria vectors An. stephensi and An. gambiae, in Asia and Africa, also demonstrated that
the CBD-free hemp EOs did not induce an inflammatory condition. In particular, these
compounds were able to revert the inflammation, reducing the release of the cytokine on

skin cell lines, thus demonstrating that they could be safely used by operators [168].

4.4.2 Liposomes

Liposomes are vesicular self-assembled system characterized by one or more bilayers,
constituted by phospholipids, surrounding an aqueous core. They were first studied as drug
delivery systems in 1970, since they can be used as carriers for both lipophilic and
hydrophilic molecules, due to the presence of the hydrophilic compartment and lipophilic
bilayer [169] (Figure 5). The encapsulation of an active compound into liposomes allows

both the protection from degradation and the increase of solubility.
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Figure 5. Liposome’s structure characterized by a spherical vesicle with a phospholipid bilayer membrane
used to deliver hydrophilic or hydrophobic drug. Adapted from [170].

hydrophobic drug

Different studies demonstrated the potentiality of liposomes in the delivery of EOs. Valenti

et al. reported that Santolina insularis EO showed a good in vitro antiherpetic activity
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against Herpes simplex virus type 1 (HSV-1) and that its stability was improved when
loaded into liposomes [171]. The same research group also developed multilamellar
vesicles (MLV) and small unilamellar vesicles (SUV) to improve the antiviral properties
of Artemisia arborescens L. EO [172]. Interestingly, authors found that EO-loaded MLVs
enhanced the antiviral activity against HSV-1, while no significant differences of the
antiviral activity were observed between the free EO and SUV vesicles, which showed a
poor activity as determined by both the reduction of viral cytopathic effect assay and plaque
reduction assay. Therefore, they concluded that the incorporation of 4. arborescens EO in
multilamellar liposomes greatly improved its activity against intracellular HSV-1 [172].
Liolios and co-workers further investigated the influence of the liposomial encapsulation
on the antimicrobial activity of Origanum dictamnus L. EO [173]. Carvacrol, thymol, p-
cymene, and c-terpinene, identified as the major constituents of Origanum dictamnus L.,
were isolated and successfully encapsulated in phosphatidyl choline-based liposomes, in
order to evaluate the potential improvement of their antioxidant and antimicrobial activities
against four Gram-positive and four Gram-negative bacteria and three human pathogenic
fungi, as well as the food-borne pathogen, Listeria monocytogenes. Interestingly, authors
found that the encapsulation of monoterpenes leads to vesicles’ stabilization, as
demonstrated by the increase in the onset temperature. Furthermore, a significant increase
of the antimicrobial activity was found after the encapsulation in liposomes [173].
Liposomal formulation loaded with Zataria multiflora Boiss EO, a well-known aromatic
medicinal herb in Persian as “Avishan Shirazi” or “Azkand”, were successfully produced
in order to compare the antibacterial activity of free EO and EO-loaded liposomes against
E. coli[174]. Authors found that MIC and MBC values of EO-loaded liposomes were 1.4%
and 1.8%, respectively, thus demonstrating the increasing antibacterial activity of the EO
when loaded into liposomes. This result was related to the ability of liposomal formulation
to improve the cellular transport and to release the active components inside the cell, due
to cells interaction (inter-membrane transfer, contact release, absorption, fusion, and
phagocytosis), whose mechanism is related to the cell type (cell wall/membrane
composition), as well as liposome membrane’s physicochemical properties, as previously
reported [175]. Sebaaly et al. investigated the encapsulation of clove EO in natural soybean
phospholipid liposomal vesicles, prepared by using the ethanol injection method [176].
Authors demonstrated that liposomes were able to protect eugenol, the main component of
clove EO, from the degradation induced by UV exposure, without any reduction of its
DPPH scavenging activity. Interestingly, the same authors also investigated the possibility

to prepare clove EO and eugenol-loaded liposomes using large scale procedures, such as
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membrane contactor [177,178]. The potential antibacterial activity against E. coli was
demonstrated by Najafi et al. for liposomes prepared with lecithin/cholesterol and loaded
with barije EO, extracted from Ferula gummosa [179]. An interesting application of EO-
loaded liposomes was recently investigated by Palmas et al. [180]. Herein, liposomes
prepared with Citrus limon var. pompia were prepared as potential mouthwash product for
the treatment of oropharyngeal diseases. Citral-loaded liposomes were demonstrated to be
biocompatible and able to protect cells from the damages caused by oxidative stress. The
vesicles also demonstrated to promote the healing of wounded mucosa, favoring the closure
of lesions induced in a keratinocytes cell monolayer, and to inhibit the proliferation of
Streptococcus mutans, when loading 50 mg/mL of citral EO [180]. An interesting approach
was recently developed basing on drug-in-cyclodextrin-in-liposomes (DCLs), which are
constituted by one or more phospholipid bilayers and an aqueous internal cavity where a
cyclodextrin/drug inclusion complex is loaded [181]. Herein, Hammoud et al. encapsulated
different EO components (estragole, eucalyptol, isoeugenol, pulegone, terpineol, and
thymol) into DCLs, prepared by the ethanol injection method using lipoid S100 and
hydroxypropil-B-cyclodextrin, as a promising tool for extending EOs shelf life and activity.
The physico-chemical and technological characterization of DCLs revealed their ability in
significantly improving the loading ratio of estragole, pulegone, and thymol, and prolong
the release of EO components compared to traditional liposomes [181,182]. Recently, Lin
and co-workers developed an interesting strategy for the encapsulation of thyme EO into
solid liposomes coated with g-polylysine [183]. Solid liposomes are novel nanosystems,
with higher stability and longer storage time compared with traditional aqueous liposomes

[184].

4.4.3 Lipid Nanoparticles: SLN and NLC

SLN were proposed in the early 1990s as a tool to overcome the limits related to liposomes,
exploiting the use of physiological lipids (e.g., blends of mono-, di- or triglycerides, fatty
acids, waxes) [185], solid at room and/or body temperature, in mixture with surfactants and
water. The solidity of the lipid attributes some advantages to the system, such as increased
chemical protection, less leakage, and sustained release [186]. Other relevant advantages
are the high targeting effect and low toxicity, which is related to the use of biodegradable
and biocompatible lipid substances with a GRAS (“generally recognized as safe”) status
[187]. Different studies on EOs-loaded SLN report the enhanced anticancer activity of EOs
[188]. Frankincense and myrrh oil obtained from the genera Boswellia and Commiphora,
respectively, were loaded into SLN prepared with Compritol 888 ATO by high-pressure

homogenization, and their anticancer activity after oral administration was evaluated in
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vivo in H22-bearing Kunming mice [189]. The obtained results demonstrated the
possibility to encapsulate EO into SLN having mean size smaller than 220 nm, with high
encapsulation efficiency (>98%). Furthermore, a significantly higher in vivo antitumor
efficacy was observed compared to EO suspension and EO-loaded into B-cyclodextrin,
used to increase EO solubility, at the same dosage. Another interesting anticancer
application was recently proposed by Rodenak-Kladniew and co-workers based on the
delivery of linalool into SLN prepared with different solid lipids (myristyl myristate, cetyl
esters and cetyl palmitate) prepared by sonication using Pluronic®F68 as surfactant [190].
The aim of this work was to exploit the potential anticancer activity of linalool (an acyclic
monoterpene alcohol commonly found in EOs of different plants and herbs including
lavender, basil, rosemary, citric fruits, green, and black tea) as a mono-drug agent or in
combination with traditional drugs. Collected results demonstrated the possibility to obtain
stable formulations with mean size around 100 nm, able to provide a controlled release of
linalool EO. Interestingly, a cytotoxic activity was observed against human lung- and liver-
derived tumor cells (A549 and HepG2, respectively), thus demonstrating that linalool-SLN
represents a potential combined approach to enhance the activity of anticancer drugs [190].
Another application of EO-SLN was investigated by Zhao et al., who focused their research
on the pulmonary delivery of Yuxingcao EO in SLN prepared with Compritol 888 ATO by
high-shear homogenization, using polyvinyl alcohol as emulsifier agent, thus overcoming
the rapid clearance of pulmonary absorption [191]. Authors demonstrated the feasibility of
the encapsulation strategy to produce a Yuxingcao EO-SLN inhalation delivery able to
improve the elimination half-life in the lungs, enhancing the active compound local
bioavailability, thus potentially limiting the administration doses to one per day. Due to the
antimicrobial activity of EOs, their encapsulation into SLN has also been investigated as a
promising strategy to reduce the microbial resistance to antibiotics, one of the major
problems in the treatment of different diseases, such as topical infections, and in wound
healing. In order to improve the antibacterial and antifungal activity of clove oil (the EO
obtained from Eugenia caryophyllata), Fazly et al. prepared SLN by high-shear
homogenization and ultrasound method, using glyceryl monostearate, precirol, and stearic
acid as lipid phase [192]. Clove encapsulation into SLN effectively improved its
antimicrobial activity, reducing the MIC/MCC values from 2-20 folds, with higher effects
against Gram-negative bacteria and fungi. This result was related to the ability of SLN to
interact with microbial cell membrane and to the improvement of the EO stability and
solubility [192]. Authors observed that clove-loaded SLN prepared with stearic acid
showed better results compared to SLN prepared with the other selected lipids, and related
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this result to its lower particles size which would increase passive cellular absorption
enhancing antimicrobial activity, as reported by Nasseri et al. [193]. SLN can be also used
as carrier for more than one antimicrobial drug: in order to enhance the antimicrobial
activity of ofloxacin against Pseudomonas aeruginosa and Staphylococcus aureus,
Rodenak-Kladniew prepared a SLN platform containing the aforementioned drug together
with two antibacterial active components, chitosan and eugenol, considering various
matches: ofloxacin, ofloxacin-SLN, ofloxacin-chitosan-SLN, ofloxacin-chitosan-eugenol
SLN. Considering the Pseudomonas aeruginosa model, the obtained MIC values went
from about 1.73 £ 0.40 pg/mL of free ofloxacin to 0.29 £ 0.07 pg/mL of ofloxacin-chitosan-
eugenol SLN, thus causing a six-fold decrease of this parameter. Even better results
emerged for Staphylococcus aureus model, with a 16-fold reduction of MIC values, from
0.31 + 0.05 pg/mL of free ofloxacin to 0.02 + 0.01 pg/mL of ofloxacin-chitosan-eugenol
SLN. This excellent microbial toxicity is not associated with toxicity to human cells, as
shown by the MTT assay. On the other hand, with concentrations 10—150-fold higher than
the ones required for therapeutic action, eugenol alters glutathione levels leading to cell
death [190]. The effect of physicochemical properties on the different activities of
nanoparticulate systems was also investigated by Pereira et al., [194], who developed and
optimized, using factorial design, linalool-SLN with long-term stability, demonstrating that
the variation of surfactant concentration significantly influences mean particles size and
homogeneity, since as the surfactant concentration increased, a reduction in particle size
was observed. The design of experiment was exploited also by Zielinska et al. to develop
citral-loaded SLN by hot high-pressure homogenization [195]. The 2* factorial design
determined the optimal concentration of components: 1 wt% of citral, 4 wt% of lipid
glycerol monostearate and 2.5 wt% of poloxamer 188, selected as surfactant to obtain
homogeneous nanoparticles with mean size lower than 100 nm. In the same study, the anti-
inflammatory activity of citral and geraniol, comparing pure EOs and EO-loaded SNL, was
evaluated. The analysis of the inhibition of NO- production, measured on RAW 264.7 cells,
showed a greater anti-inflammatory activity of citral compared to geraniol. The results of
the cytotoxicity assay showed that cell viability in HaCaT cells was significantly reduced
by citral, even if its effect was more evident in the treatment of A431 cells, thus
demonstrating the skin anti-cancer potential of this monoterpene [195]. Saporito and co-
workers recently developed lipid nanoparticles of first generation (SLN) and second
generation (nanostructured lipid carriers, NLC) (Figure 6) for the delivery of eucalyptus or

rosemary EOs as potential medical devices, to improve healing of skin wounds [196].
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Figure 6. EOs delivery into solid lipid nanoparticles (SLN) (a) or nanostructured lipid carriers (NLC) of
different types, depending on the formation of a single (b) or different nanocompartments of oil (c).

NLC represent a second generation of lipid nanoparticles, born in 1999 in order to
overcome the limits related to SLN, such as limited drug-loading capacity and potential
drug expulsion during storage. NLC are characterized by the presence of a liquid lipid,
together with the solid lipid, which allows the formation of an imperfect or amorphous
structure, able to guarantee higher drug loading values compared to SLN, thus avoiding
drug loss during storage [185]. Cocoa butter was selected as solid lipid, while olive oil or
sesame oil were used as liquid lipids in NLC formulations [196]. Interestingly, NLC
showed higher bioadhesive properties compared to SLN, probably due to their flexible
structure which would promote interactions with biologic substrate, thus promoting lesion
closure. As reported in the in vitro cytotoxicity studies, the presence of olive oil increased
the cell viability due to the high content of oleic acid, previously demonstrated to promote
cell proliferation. Furthermore, in vivo studies on a rat burn model confirmed that NLC
prepared with olive oil and loaded with Eucalyptus EO were able to promote the closure of
the wound, providing good reepithelization and stratum corneum formation [196]. Cocoa
butter and olive oil were also used as solid lipid and liquid lipid respectively to encapsulate
cardamom EO, producing small NLC (<150 nm) with an encapsulation efficiency higher
than 90%. Results obtained from in vitro release studies and DPPH scavenging activity
assay demonstrated that the DDS structure is able to protect the EO—during the storage—
and thus enhance its antioxidant property, also because of the presence of the two natural
oils [197]. The suitability of the monoterpene carvacrol as a component of binary mixtures
of NLC solid lipids was deeply analyzed by Galvao and co-workers [198]. The considered
solid lipids were stearic acid, beeswax, and carnauba wax, which were analyzed both as
pure components and in mixture with different ratio of carvacrol (10%, 25%, and 50%

w/w). The obtained binary mixtures showed lower values of enthalpy and melting
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temperatures, highlighting the relevance of this active ingredient in the formulation of
NLC. Moreover, carvacrol demonstrated to increase the loading capacity and the
encapsulation efficiency of carnauba wax and beeswax—through the extension of the
interlayer—when compared with the pure waxes [198]. A comparison between beeswax or
carnauba wax was also made in order to select the optimal solid lipid component in the
formulation of clove oil-loaded NLC. It resulted that the presence of carnauba wax led to
the formation of NLC with higher particles size and PDI values compared to the ones
produced with beeswax; furthermore, even better values were obtained by also introducing
the liquid lipid crodamol, with the production of NLC that were stable even after storage.
Additionally, beeswax-crodamol nanoparticles showed a higher clove encapsulation
efficiency (66 + 1%—63 + 0%) when compared with carnauba wax-crodamol ones (60 +
2%-58 + 0%): again, the presence of the liquid lipid is decisive. In both situations, the
formulations showed no decrease in encapsulated clove percentages after 30 days storage,
demonstrating the great suitability of these component in the formulation of NLC for clove
delivery [199]. The wound-healing application of thymol-loaded NLC was recently
investigated [200]. Herein, Pivetta and co-workers prepared NLC exploiting the hydrating,
cicatrizing, and anti-inflammatory properties of two natural lipids, Illipe butter and
Calendula oil, to encapsulate thymol EO, whose anti-inflammatory activity could improve
the wound healing [200]. Thymol-NLC, with mean particles size < 150 nm, narrow size
distribution (PDI < 0.3), negative zeta potential (—12.5 mV), and high encapsulation
efficiency (90%), were prepared by hot emulsion followed by sonication. NLC were able
to reduce the cytotoxicity of the EO on a non-tumorigenic immortalized human
keratinocytes cell line (HaCatT). Thymol-NLC hydrogel obtained using Carbopol gel,
selected for its high biological compatibility, were able to provide a fast EO release and to
maintain the EO release over time. Interestingly, thymol-NLC hydrogel showed higher
anti-inflammatory activity compared to the free EO, as confirmed by in vitro studies. The
results of the in vivo antipsoriatic activity test performed using a model of imiquimod
psoriasis-like inflammation, enabled to observe that the mice treated with thymol-NLC
hydrogel showed a delay in the development of the inflammation and that the severity of
the inflammation was reduced compared to the negative control group [200]. A combined
approach to the treatment of wound healing was recently proposed by Carbone et al., who
prepared ferulic acid-loaded NLC using Lavandula EO or isopropyl myristate (IPM) as the
liquid oil component [201]. NLC with homogeneous particles lower than 150 nm were
obtained by the phase inversion temperature (PIT) method; the presence of Lavandula EO,

instead of the liquid synthetic oil, increased the long-term stability of the suspension,
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probably due to the tendency of the particles to flocculate. Interestingly, the morphological
study revealed that the choice of the liquid oil component affected the NLC structure, since
Lavandula-NLC presented small spherically shaped particles with a type-II (amorphous)
structure, while the presence of the synthetic oil induced the formation of a similar
multiple-type-III NLC, with the presence of grape-like aggregates of very small oil nano-
components outside the main nanoparticle [201]. The type-II structure of ferulic acid-NLC
prepared with Lavandula EO also affected the cumulative amount of drug released, which
was found to be lower compared to those of NLC prepared with the synthetic oil (46% and
62%, respectively). Interestingly, the type-II structure also improved the cytocompatibility
on human fibroblasts and enhanced fibroblast migration promoting wound healing.
Therefore, authors concluded that a potential combined protective effect of the antioxidant
drug and Lavandula EO was achieved using NLC, in which the co-presence shows a
synergistic effect in promoting cell migration. In order to reduce the volatilization and
improve the bioavailability of linalool EO, NLC were prepared and optimized by high-
pressure homogenization using glycerin monostearate as solid lipid and decanoyl/octanoyl-
glycerides as liquid lipid [202]. The optimized formulation obtained using 2.5% w/w of
each lipid in the surfactant mixture span80/tween80 (2.0 and 4.0% w/w, respectively)
showed homogeneous spherical particles of about 50 nm able to provide a controlled EO
release. In vivo pharmacokinetics studies confirmed that linalool-loaded NLC were able to
significantly improve the EO absorption and bioavailability, as confirmed by the higher
values of ti2, tmax and Crax obtained for the loaded EO compared to the free linalool solution
[202]. Peppermint essential oil was analyzed in order to explore its wound-healing and
antibacterial activity, when encapsulated into NLC. Although the encapsulation efficiency
of EO into NLC has been found to be very high (93.2 + 1.2%), in vitro studies on various
bacterial cell lines have shown that its antimicrobial activity is comparable to the pure
essential oil one; in particular, pure EO MIC values were in the range 5.16 £ 1.48-20.00 +
0.00, while EO-loaded NLC MIC values were between 5.10 £ 1.49 and 20.00 + 0.00. The
importance of the incorporation of this EO into DDS has been highlighted, instead, by in
vivo studies on infected wound models: the wound-healing rate was accelerated due to the
ability of the EO-NLC to decrease the bacterial count, in addition to the intrinsic anti-
inflammatory property of the EO, which was also improved by the NLC structure [203].
The antimicrobial activity of menthol-loaded NLC, with mean size of 115 nm and high EO
encapsulation efficiency (98.73%), was investigated by Piran et al. [204]. In particular,
menthol-loaded NLC showed higher antibacterial activity against fungi and Gram-positive

bacteria compared to the EO emulsion: NLC were able to inhibit the growth of
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Staphylococcus aureus, Bacillus cereus, Escherichia coli, and C. albicans at concentration
of 125, 250, 500, and 78 ug/mL, respectively, while the corresponding MIC values for
menthol emulsion were 1000, 2000, 2000, and 156 pg/mL. Piran et al., therefore concluded
that menthol encapsulation in NLC allows decreasing the amount of the EO for preserving
foodstuffs from microorganism growth and spoilage. The influence of the preparation
method in determining the characteristics of EO-loaded NLC was investigated by Carbone
et al., who investigated a lab-scale (phase inversion temperature method) and a scalable
(high-pressure homogenization) production method [47]. Authors demonstrated that the
greater energy used in the second method allowed obtaining smaller particles and more
stable colloidal NLC, using Rosmarinus officinalis L., Lavandula x intermedia “Sumian”
and Origanum vulgare subsp. hirtum as liquid lipid. Interestingly, results of in vitro
biological cell viability test on murine macrophage cell line (RAW 264.7) showed that the
nanoencapsulation of the EO enhanced its biocompatibility, being Lavandula and
Rosmarinus NLC the most biocompatible formulations up to a concentration of 0.1% (v/v).
Furthermore, the nanoencapsulation did not reduce the intrinsic anti-inflammatory activity
of the EO, which was found to decrease in the order Lavandula > Rosmarinus > Origanum
[47]. Therefore, it was demonstrated that EO can be used as both active ingredients and
oily components of NLC, thus enhancing the biocompatibility and reducing the
cytotoxicity of the pure oils. The topical application of gel vehicles containing Rosmarinus-
loaded NLC was also investigated, confirming the potentiality of the EO encapsulation
strategy in the treatment of cutaneous alterations involving loss of skin hydration and
elasticity [205]. Lavandula and Rosmarinus were shown to be anti-proliferative agents with
the potential to be used as coadjuvants in combination with clotrimazole-loaded NLC in
the treatment of topical candidiasis [206]. In this recent study, homogeneous small sized
NLC (<100 nm) with long-term stability were successfully prepared using Lavandula and
Rosmarinus as liquid lipid, and loaded with clotrimazole. Interestingly, EO encapsulation
into NLC induced an increase in the antiproliferative activity of the selected oils on
keratinocytes cell line originated from human skin (HaCaT) and human epidermoid
carcinoma cell line (A431), thus suggesting a possible use of Rosmarinus and/or Lavandula
loaded NLC as coadjuvants in non-cancerous proliferative skin diseases. The results of the
in vitro test against Candida albicans, Candida krusei, and Candida parapsilosis,
confirmed that clotrimazole-loaded NLC containing Lavandula or Rosmarinus were able
to improve the antifungal drug activity, thus representing a promising strategy to enhance
the effectiveness of traditional antimycotic drug against non-tumoral proliferative dermal

diseases [206]. Topical delivery of drugs using DDS was further explored by Miranda and
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co-workers, studying Ridolfia segetum (L.) Moris essential oil, which was encapsulated
into homogeneous NLC with a mean size of 143 + 5 nm. To increase biocompatibility and
permeation, also EO-NLC hydrogel were prepared. Using dialysis membrane, it was
analyzed the in vitro release of the EO from the nanoplatform, which resulted to be
biphasic: at the beginning a low release was detected, which boosted at about 12 h. The in
vivo permeation of both EO-NLC and EO-NLC hydrogel was studied using newborn pig
epidermal membranes and it remarked that the hydrogel structure allowed a higher
permeation than the simple NLC. The skin retention studies also supported the evidence
that the hydrogel NLC formulation was able to provide a sustained release of the EO, acting
as a reservoir [207]. As noted in many of the above papers, particles dimension and
polydispersion index appear to be significant for the development of appropriate
nanoplatform systems. Therefore, the preformulation study is often decisive. A full
factorial design approach was developed by Vieira and co-workers, in order to select the
optimal amount of surfactant and solid lipid (2* factorial design) to prepare Sucupira Oil-
Loaded NLC. It was obtained that the particle size decreased with higher surfactant
concentration, while increased with growing concentrations of solid lipid; moreover,
polydispersity index and zeta potential both increased with higher surfactant or solid lipid
concentrations [208]. The preformulation study was decisive also in the evaluation of the
feasibility of spray-drying method in the production of redispersable lipid systems,
considering both SLN and NLC loaded with Syzygium aromaticum EO. It was developed
a quality by design study considering four variables, analyzed at two levels: two of them
were related to formulation composition—the presence (1%) or absence (0%) of the liquid
lipid oleic acid and the cationic surfactant CTAB—while the other two were referred to
spray drying conditions—the inlet drying temperature (60 °C and 80 °C) and the drying
aids ratio in relation to the total formulation weight (1:1 and 2:1). Throughout this analysis,
it was highlighted a probable interaction between the lipid CTAB—which has positive
charge—and the gum Arabic— which has negative charge—as revealed by the increase in
particle size and the inversion of the zeta potential. After redispersion of the powders,
dynamic light scattering measurements showed no significant changes in particle size and

PDI, demonstrating that spray drying method is adequate for this aim [209].

4.5 Authors Opinion and Future Perspectives

To the best of our knowledge, there is no evidence about the effectiveness of EOs as

primary treatment in pharmacological treatments. It is worth to remind that unlike many
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plants, which are marketed as biochemical actives in humans, therefore classified as drugs,
after proper scientific studies about effectiveness and safety, EOs are not subjected to the
same studies about reproducible usefulness and safety. To date, in the U.S. Food and Drug
Administration (FDA) classification, EOs are considered either cosmetics/food
supplements or drugs, depending on their intended use, however their sales and uses are
not regulated by FDA. Companies who manufacture or market EOs have a legal
responsibility for ensuring their safety. Therefore, researchers and users should take into
consideration the quality of the EOs based on the reputation of their sources. Nevertheless,
the researchers’ interest in EOs applications is increasing due to the possibility to exploit
them.

The need of EO encapsulation represents a valid strategy to reach their pharmaceutical
application, which is limited by their many drawbacks. Herein, we described different
potential applications of EOs in the pharmaceutical field, and we presented the results
obtained by different researchers in the development of lipid-based DDS for EOs
encapsulation, such as micro and nanoemulsions, liposomes, SLN and NLC. According to
literature data, all strategies demonstrated a good ability in improving EOs stability and
effectiveness, increasing their bioavailability compared to the pure compound. Some
interesting recent applications are related to the combined encapsulation of the EO with a
conventional synthetic drug, in order to improve the effectiveness, the biocompatibility,
and reducing the resistant mechanisms. As discussed above, the selection of the quali-
quantitative composition of the formulation and of the preparation method represent key
parameters for obtaining a final formulation with the most appropriate properties for the
desired pharmaceutical application. A direct comparison of the different lipid-based
delivery systems studied is not easily achievable due to the substantial differences existing
among them in terms of structure and behavior. In particular, in the design of a proper
system for the delivery of a specific EO, different variables should be taken into
consideration, such as the production method (use of heat or organic solvents), the selection
of biocompatible and biodegradable raw materials, and the desired nanocarrier properties
(i.e., mean size, stability, encapsulation efficiency and release profile).

However, thinking in terms of a near-future prospective for potential EOs application
among the various colloidal lipid-based carriers analyzed in this review, it is the opinion of
the authors that NLC have a greater possibility of being employed as a nanomedicine in the
combined delivery of EOs and conventional drugs. In fact, the possibility of using EOs as

intrinsic components of the lipid matrix in combination with solid lipids and surfactants
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approved by international commits for safety drugs and administration could represent the
new frontier of EOs combined coadjuvant therapy in nanomedicine.

In our opinion, the efforts of researchers should be more focused on the development of
patentable products by scalable production methods of interest for the pharmaceutical
industry. In order to exploit EOs potential use as coadjuvant to traditional drugs and
therapies, thanks to their many interesting biological activities, further investigations
should be developed to describe their mechanisms of action and their eventual toxicological
side effects. Therefore, more in vivo studies should be undertaken to provide reliable results
of pharmaceutical interest, thus allowing the pharmaceutical application of newest EO-
loaded delivery systems as anti-inflammatory, antimicrobial, antioxidant, antifungal

coadjuvant approaches.
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Abstract: Complementary and alternative medicines represent an interesting field of
research on which worldwide academics are focusing many efforts. In particular, the
possibility to exploit pharmaceutical technology strategies, such as the nanoencapsulation,
for the delivery of essential oils is emerging as a promising strategy not only in Italy but
also all over the world. The aim of this work was the development of nanostructured lipid
carriers (NLC) for the delivery of essential oils (Lavandula, Mentha, and Rosmarinus) by
intranasal administration, an interesting topic in which Italian contributions have recently
increased. Essential oil-loaded NLC, projected as a possible add-on strategy in the
treatment of neurodegenerative diseases, were characterized in comparison to control
formulations prepared with Tegosoft CT and Neem oil. Homogeneous (polydispersity
index, PDI < 0.2) nanoparticles with a small size (<200 nm) and good stability were
obtained. Morphological and physical-chemical studies showed the formation of different
structures depending on the nature of the liquid oil component. In particular, NLC prepared
with Lavandula or Rosmarinus showed the formation of a more ordered structure with

higher cytocompatibility on two cell lines, murine and human fibroblasts. Taken together,
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our preliminary results show that optimized positively charged NLC containing Lavandula
or Rosmarinus can be proposed as a potential add-on strategy in the treatment of
neurodegenerative diseases through intranasal administration, due to the well-known

beneficial effects of essential oils and the mucoadhesive properties of NLC.

Keywords: nanomedicine; nose-to-brain; Lavandula; Mentha; Rosmarinus; TEM; cell

viability; mucoadhesion

5.1 Introduction

Essential oils (EOs) are important natural mixtures produced by aromatic plants during
their secondary metabolism, characterized by the presence of monoterpenes and
sesquiterpenes, with other important aliphatic compounds, including terpenoids, alcohols,
ethers, esters, ketones, and aldehydes [1]. Their quali-quantitative composition is
influenced by several factors, including the variety of the plant, growing place (in
particular, environment, climate, and eventual stress suffered), nutrition and fertilizers
used, and extraction method. Due to the many properties of pharmaceutical interest
(antioxidant, anti-inflammatory, antimicrobial, wound-healing, and anxiolytic), an
increasing interest in complementary and alternative medicines (CAMs) has spread during
the last years, with several studies exploring the potential use of EOs as adjuvants in various
diseases, in particular when encapsulated into vesicular or nanoparticulate delivery systems
[1-16]. The advantages of EOs encapsulation are related to the possibility to overcome
different drawbacks by enhancing their stability, providing a controlled release and thus
increasing their bioavailability and effectiveness.

As recently described by Scuteri et al. [12], the use of EOs via inhalation (aromatherapy),
such as Lavandula officinalis and Melissa officinalis, represents a complementary approach
in the treatment of Alzheimer’s disease (AD), since the treatment with antipsychotic drugs
is limited by the short-term use (maximum 12 weeks). Even if the mechanisms of actions
of EOs are still not clear, their ability to bind to the olfactory nerve system is responsible
for the transmission of the signal to specific areas of the central nervous systems
(hippocampus, limbic system, amygdala, and hypothalamus). The potential application of
different EOs in AD treatment was also reported by Jimbo et al. [17], who developed a
clinical trial on 28 elderly people affected by dementia, demonstrating the importance of
aromatherapy in AD treatment. The success of the treatment, demonstrated by the resulting

significant improvement in cognitive function, was based on the use of a combined therapy,
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with two administrations per day for 28 days, of four different EOs. In the morning, 0.04
mL of Citrus limon (L.) and 0.08 mL of Rosmarinus officinalis were administered based
on the idea that this mixture is able to activate the sympathetic nervous system, thus
promoting concentration and memory. In the evening, aiming to induce relaxation through
the activation of the parasympathetic nervous system, a mixture constituted of 0.04 mL of
Citrus sinensis (L.) Osbeck and 0.04 mL Lavandula angustifolia was administered.
Interestingly, Rinaldi et al. recently developed chitosan coated nanoemulsions for the
intranasal delivery of Thymus vulgaris and Syzygium aromaticum EQOs, in the treatment of
brain infections (meningitis and encephalitis) caused by bacterial strains of clinical concern
[18]. The good mucoadhesive properties of nanoemulsions would enhance EOs’ nasal
administration, thus allowing EOs’ antibacterial activity, as demonstrated on different
bacterial strains [18].

Based on these considerations, the aim of this work was the development of EO- loaded
nanostructured lipid carriers (NLC) for intranasal administration as potential adjuvant in
the treatment of neurodegenerative diseases. Polymeric and lipid nanoparticles, solid lipid
nanoparticles (SLN), and second-generation NLC have been widely investigated for brain
targeting [18-31]. Herein, NLC were selected for their ability to directly release active
compounds to the brain endothelial cells, as recently demonstrated by Arduino et al. [32].
Rosmarinus officinalis L., Lavandula x intermedia “Sumian”, and Mentha piperita were
selected due to their potential beneficial effects reported in AD treatment. Lavandula [33]
and Rosmarinus [34] showed promising results in behavioral tests, demonstrating their
ability to provide benefits in the treatment of scopolamine-induced Alzheimer’s-type
dementia. Lavandula was able to reduce depression, anxiety, and memory impairment [33],
while Rosmarinus increased imaged and number memory in a trial carried out on school
students [35]. Mentha EO was also found to enhance memorization process, through its
ability to inhibit both acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) in a
dose-dependent manner, thus suggesting a potential use in the treatment of
neurodegenerative disorders [36].

EO-loaded NLC were characterized from a physical-chemical and technological point of
view in comparison to NLC prepared with Tegosoft CT oil, used as EO-free control
formulation, and NLC loaded with Neem oil, used as negative control due to its
documented toxic effects [37-39]. All NLC formulations were analyzed to determine their
mean size, polydispersity, and zeta potential by photon correlation spectroscopy (PCS)
analysis. NLC were also characterized in terms of osmolarity, pH measurements,

entrapment efficiency (EE%) of the loaded EO, and stability over time exploiting
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Turbiscan® AG Station. In order to highlight the potential influence of the liquid oil
component on NLC structure and morphology, X-ray analysis, Raman spectrometry and
transmission electron microscopy (TEM) were also performed. /n vitro NLC
cytocompatibility was assessed on two fibroblast cell lines, one murine (NIH-3T3) and one
human (HFF1). Finally, mucoadhesive properties were evaluated on the selected NLC,
optimized by the addition of a coating layer of the positively charged cationic lipid
didodecyldimethylammonium bromide (DDAB).

5.2 Materials and Methods

5.2.1 Materials

Kolliphor RH40 was provided by BASF Italia S.p.a. (Cesano Modena, Italy). Oleoyl
Macrogol-6 Glycerides (Labrafil) was gifted by Gattefossé Italia s.r.l. (Milano, Italy).
Hydrogenated Coco-Glycerides (Softisan 100) was bought from IOI Oleo GmbH
(Oleochemicals, 101 group). Rosmarinus officinalis L. and Lavandula * intermedia
“Sumian” essential oils were provided by Exentiae s.r.l. (Catania, Italy). Mentha piperita
was gifted by the Department of Agriculture, Food and Environment (Di3A), University of
Catania. Triglyceride caprylic-capric (Tegosoft CT, Miglyol 812) was supplied by
Farmalabor (Canosa di Puglia, Italy). Neem oil was supplied by La Saponaria (Vallefoglia,
Italy). Dioctadecylammonium bromide (DDAB), mucin from porcine stomach type II,
sodium chloride, potassium chloride, calcium chloride dehydrated, and polysorbate 80

were bought from Sigma (Milan, Italy).

5.2.2 Nanoparticles Preparation

NLC were produced by the phase inversion temperature (PIT) method, as previously
described [40]. The lipid phase containing the surfactant mixture (6.0% w/v of Kolliphor
RH40 and 7.5% w/v of Labrafil) and the lipid Softisan (10% w/v) and the aqueous phase
were separately heated to 70 °C. Then, the EO was added to the lipid phase at 1:1 ratio with
the solid lipid. Finally, the aqueous phase was added dropwise to the lipid phase and the
mixture was rapidly cooled in an ice bath under stirring for 1 h, thus obtaining different
NLC formulations: L-NLC, containing Lavandula; M-NLC, prepared with Mentha; R-
NLC, using Rosmarinus. Tegosoft CT-loaded NLC (CT-NLC) were prepared as positive
control, while Neem oil was used to obtain N-NLC, as negative control. The produced NLC
were purified through ultracentrifuge (SL16R Centrifuge, Thermo Scientific, Rodano,

Italy) at 13,000 rpm for 2 h at 1 °C, in order to remove the excess surfactants from the
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colloidal suspensions. The obtained pellet was vortexed (Heidolph Reax 2000, VWR,
Milan, Italy) for 60 s.

5.2.3 Photon Correlation Spectroscopy (PCS)

After 24 h from the preparation, samples were diluted 1:10 in deionized water and analyzed
using a Zetasizer Nano S90 (Malvern Instruments, Malvern, UK), in order to measure the
mean particle size (Zave), the polydispersity index (PDI), and the zeta potential (ZP). The
obtained values were reported as the mean of at least three measurements + standard

deviation (SD).

5.2.4 Osmolarity and pH Measurement

The osmolarity of each formulation was detected using an osmometer (Osmomat 3000,
Gonotec, Berlin, Germany) previously calibrated with ultra-purified water and
physiological solution. Moreover, the pH value of each formulation was measured through

a pH-meter (Mettler Toledo, Milano, Italy).

5.2.5 Entrapment Efficiency

In order to quantify the entrapment efficiency (EE%) of each EO, all formulations were
centrifuged at 13,000 rpm, 4 °C for 2 h. The separated supernatants were diluted with an
ethanol-water mixture (75:25) and analyzed using a UV-vis spectrophotometer (UH5300
UV-Visible Double-Beam Spectrophotometer, Hitachi Europe, Milan, Italy). The used
wavelengths were 228 nm for Rosmarinus EO, 230 nm for Mentha and Lavandula EO, and
224 nm for Neem oil. The calibration curves used for the quantitative evaluation of each
oil were linear, considering the following ranges: 2-0.06 mg/mL (R* = 0.9927) for
Rosmarinus EO; 2-0.03 mg/mL (R? = 0.9960) for Mentha EO; 2-0.03 mg/mL (R? = 0.9865)
for Lavandula EO; 2-0.06 mg/mL (R? = 0.9915) for Neem oil. Entrapment efficiency was

determined using the following equation:

(total amount of oil used — amount of unencapsulated oil)
EE% = - x 100
total amount of oil used

5.2.6 Stability Studies by Turbiscan® AG STATION

The optical analyzer Turbiscan® Ageing Station (TAGS, Formulaction, L’Union, France)
was used to assess the formulations physical stability, as it has been demonstrated to be
reliable in the analysis of aggregation and/or migration instability phenomena [40—45]. In
our experiment, 20 mL of each sample was inserted into a cylindrical glass cell, stored at
25.0 £ 1.0 °C and analyzed for 30 days. For detailed explanation of the analyzer

functioning, we remand to the literature [15]. The variation of backscattering profiles
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(ABS) was used to compare the formulations, considering the Turbiscan® Stability Index

(TSI), which numerically quantifies the formulation’s stability.

5.2.7 X-ray Analysis

The assessment of X-ray diffraction of the samples was carried out with a MiniFlex Rigaku
diffractometer, operating in step-scan mode and equipped with a Cu Ka source (wavelength
A = 0.154 nm) at 30 kV and 100 mA. The X-ray diffraction data were collected in the
Bragg-Brentano geometry, from 5 to 35 deg, at a scanning speed of 0.02 deg/s. Crystallinity
index values, related to the intensity of the peak obtained, were calculated following the

equation below:

C= Stot - Sa
Stot
where S is the total area under the graph and S, is the area subtended to the only

amorphous region.

5.2.8 Raman Spectrometry

As previously described [15,46], Raman spectroscopy analysis was carried out using a
micro-Raman spectrometer (INVIA, Renishaw, Gloucestershire, UK), which includes a
5145 nm air-cooled Argon ions laser source and an 1800 lines/mm grating
monochromator/grid polychromator with RenCam CCD detection, with a resolution of 1
cm . The laser source was focused on the suspension of NLC with 100x long working
objectives (a long working distance) to a stop diameter of about 1 um. The acquisition time
of Raman spectra varied according to the intensity of the Raman signals and lasted until a
satisfactory signal-to-noise ratio was reached. Data analysis was performed by using
Renishaw Wire 2.0 software. The results are reported as the mean of the intensity of 100
accumulation spectra acquired from 5 different regions, with a spatial resolution of 5

microns in each sample.

5.2.9 Morphological Analysis by TEM

In order to analyze the morphology of the produced nanoformulations, transmission
electron microscopy (TEM) analysis was performed. The samples were prepared placing 5
pL of each NLC on a 600-mesh carbon coated copper grid (TAAB Laboratories Equipment,
Berks, UK), adding a drop of 2% w/v aqueous solution of gadolinium triacetate (Uranyl
Acetate Alternative), for 2 min, and finally drying at room temperature after the removal
of the exceeding solution. The analysis was carried out through a transmission electron

microscope (model HITACHI) operating at 100 KV acceleration voltage.
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5.2.10 In Vitro Release Study

Lavandula and Rosmarinus release from L-NLC and R-NLC, respectively, was evaluated
by using Franz-type diffusion cells (LGA, Berkeley, CA, USA). Before being mounted in
Franz-type diffusion cells, 0.75 cm? regenerated cellulose membranes (Spectra/Por CE;
Mol. Weight Cut-off 3.5 kDa) were moistened by immersion in water for 1 h at room
temperature. The receptor compartment was filled with 4.5 mL of simulated nasal
electrolytic solution (SNES) (sodium chloride 0.745 g, potassium chloride 0.129 g, calcium
chloride dehydrated 0.005 g, and distilled water q. s. 100 mL) containing 0.5% of
polysorbate 80, to reach the sink conditions [47], thermostated at 37 °C, and constantly
stirred at 600 rpm. Then, 500 pL of each sample was applied in the donor compartment.
The experiments were run for 48 h. At scheduled time intervals (0, 1, 2, 3,4, 5,6,7, 8,9,
24, and 48 h), 200 pL of the receptor medium was withdrawn and replaced with an equal
volume of medium equilibrated to 37 °C. Each sample was analyzed by the UV method

described in Section 2.4 to determine the EO content.

5.2.11 Cytocompatibility Assay

The cytocompatibility was assessed on two fibroblast cell lines, the NIH-3T3 mouse
embryonic and the HFF1 human cell lines. NIH 3T3 and HFF1 were cultured in Dulbecco’s
modified Eagle’s Medium (DMEM, ATCC, Manassas, VA, USA) supplemented with 10%
v/v fetal bovine serum and (50 [U/mL) penicillin/(50 pg/mL) streptomycin, in a controlled
environment with a temperature of 37 °C, 5% CO, concentration, and 95% relative
humidity [48]. The cells were seeded in a 96-well plate (1 x 10* cells/well) and incubated
for 24 h to allow adherence. EO-NLC were diluted in DMEM in order to test different
concentrations (100, 200, 400, and 500 pg/mL) and the cells were treated for 24 h. The two
cell lines were also treated with DMEM medium alone, as negative control, and vehicle
(Tris buffer) as positive control. The cell viability was evaluated by adding 200 uL. of MTT
(0.5 mg/mL) in culture medium to each well and incubated for 2 h. The optical density
(OD) was measured with a microplate spectrophotometer reader (Synergy HT multi-mode
microplate reader, BioTek, Milano, Italy) at A 550 nm. The results are expressed as
percentage of cell viability with respect to untreated control viable cells, whose value was

equal to 100%.

5.2.12 Mucoadhesive Evaluation of NLC
Positively charged NLC (L-NLC+, R-NLC+, and CT-NLC+), respectively, prepared with
Lavandula, Rosmarinus, or Tegosoft CT, were obtained as previously described [49],

adding 0.15% w/w of the cationic lipid DDAB to the oily phase. An in vitro method based

96



Bonaccorso, Cimino, et al., Pharmaceutics 2021, 13, 1166

on the evaluation of two parameters (zeta potential and turbidimetry) was used to assess
the mucoadhesive properties of NLC. Briefly, mucin (0.1% w/v) was suspended in PBS
(pH 5.8) and stirred overnight to allow its complete dispersion. The interaction between
each positively charged NLC and mucin was determined by mixing equal volumes of
mucin dispersion and NLC for 15 min at 25 °C. After 1 and 24 h of incubation at 37 °C,
zeta potential and turbidimetric measurements were performed. In particular, turbidimetric
measurements were evaluated comparing the absorbances at 650 nm by UV-Vis

spectrophotometer of the native mucin and each dispersion.

5.2.13 Statistical Analysis

All data are reported as mean values = SD. Differences, analyzed by two-sample hypothesis
testing (t-test), using Origin Software (version 8.5.1), were considered statistically
significant for p < 0.05. For cytocompatibility studies, statistical differences among

treatments were assessed by one-way ANOVA followed by Bonferroni test.

5.3 Results and Discussions

5.3.1 Physicochemical and Technological Characterization

EO-loaded NLC for intranasal administration were produced by the PIT method,
previously reported as a green technology that allows reducing the amount of surfactants
and energy required [40]. All NLC were analyzed 24 h after their production in order to
evaluate their mean size, polidispersity, zeta potential, osmolarity, pH, and the EE% of the
EO. PCS results (Figure 1) show that NLC prepared with Lavandula, Mentha, or
Rosmarinus showed the presence of small-sized nanoparticles of about 200 nm (Figure 1),
therefore adequate for the intranasal route [25]. In particular, EO-loaded NLC were smaller
compared to those prepared using Tegosoft CT or Neem oil, which also showed higher PDI
values related to the presence of heterogeneous nanosuspensions. It is worth noting that
Lavandula, Mentha or Rosmarinus favor the formation of nanoparticles with great
homogeneity, as confirmed by the low PDI, a relevant parameter that strongly affects NLC
feature and stability [50]. Indeed, PDI values were found to be lower than 0.3, therefore

related to the presence of a single peak of size distribution, in agreement with previous data

[4].
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Figure 1. (a) Mean particle size (Zave, nm) and (b) Zeta Potential (ZP) + standard deviation (SD) of the
prepared Lavandula NLC (L-NLC), Mentha NLC (M-NLC), Rosmarinus NLC (R-NLC), Tegosoft CT NLC
(CT-NLC) and Neem NLC (N-NLC). * Significance for p < 0.05, comparison between EO-loaded NLC (L-

NLC, M-NLC, and R-NLC) and the control NLC (CT-NLC and N-NLC).

In order to ensure the formulation’s safety on cell functioning, viability, and stability,
without potential damages and alterations due to water movements through the membranes,
it is important that NLC osmolarity and pH values are kept in the physiological range [51].
As reported in Table 1, osmolarity values of the produced NLC were in the range 291-299
mOsm/kg. In addition, pH measurements showed that pH values were in the physiological
range for all nanosuspensions, with values between 7.09 and 7.28 for all formulations. It is
interesting to highlight that Lavandula, Mentha, and Rosmarinus showed significantly
higher EE% values compared to Neem oil (Table 1). As expected, a certain loss of EO was
observed, due to the presence of micelles of surfactants, which do not participate in the
formation of nanoparticles. For this reason, each system was further analyzed after the

purification step.

Table 1. Values of pH, osmolarity, and entrapment efficiency (EE%) + standard deviation (SD) of NLC
prepared with Lavandula (L-NLC), Mentha (M-NLC), Rosmarinus (R-NLC), Tegosoft CT (CT- NLC), and

Neem (N-NLC).
Sample pH  SD (mgiﬂfﬁzrf%m EE% +SD
LNLC 713205 299.5+0.1 7647 £ 0.8
M-NLC 719+ 0.6 2031403 67.15+03
R-NLC 7.20%0.5 291.0+0.5 64.09+ 0.9
CT-NLC 7.28+0.7 297.9+0.2 100.00 + 0.0
N-NLC 7.0+ 0.4 291.5+0.7 19.61+0.8
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These findings, in agreement with PCS results, would suggest a better organization of the
raw materials at the interface when using the three EOs, as also suggested by the smaller
particles obtained for L-NLC, M-NLC, and R-NLC.

As shown in Figure 1, all samples were negatively charged (=20 mV), without significant
differences related to the oil, even if the presence of Neem oil induced a slight increase in
ZP value, confirming literature findings [52]. As reported in the literature [53], high ZP
values would suggest a long-term physical stability of the colloidal suspension, due to
nanoparticles’ repulsions.

In order to deepen the NLC stability, a key parameter for nano-sized colloids [50], we
exploited Turbiscan® technology, storing samples for 30 days at 25 °C. Interestingly, the
instability kinetics obtained by TSI values, as reported in Table 2, showed that NLC
prepared with the three EOs were more stable compared to CT-NLC, which showed a
significant increase already after 3 weeks of storage. In particular, the following decreasing
scale of stability can be described as follows: L-NLC = R-NLC > N-NLC > M-NLC >>
CT-NLC. Therefore, NLC prepared with Lavandula and Rosmarinus showed a greater
stability compared to other samples, probably due to the smaller mean size and the higher
homogeneity of the nanoparticles in suspensions. Among all the prepared formulations, the
use of the commercial oil CT reduced the colloidal suspension’s stability, as confirmed by
the backscattering variation reported in Figure 2a. Herein, significant instability

phenomena related to both particle migration and aggregation occurred (ABS > 20%)).

Table 2. Turbiscan Stability Index (TSI) of NLC analyzed for 30 days at 25 °C using Turbiscan® Aging
Station. * Significance for p < 0.05.
Day of the Measurement

Sample Day 1 Day 7 Day 14 Day 21 Day 28
CT-NLC 0.42 2.8 6.03 8.60° 1116
L-NLC 0.38 1.73 2.39 3.14 5.99
R-NLC 0.37 1.74 2.33 3.02 5.96
M-NLC 0.40 1.62 3.98 5.28 7.02°
N-NLC 0.40 1.61 3.86 5.15 6.52

The greater stability of L-NLC and N-NLC was confirmed by the absence of significant
variation in BS profiles, as resulted by the low values registered, related to slight particle
migration at the bottom of the cuvette (Figure 2b,c). R-NLC and M-NLC showed similar
profiles to those reported for L-NLC and N-NLC, respectively (data not reported).
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Figure 2. Backscattering profiles (ABS) of CT-NLC (a), L-NLC (b), and N-NLC (c) stored in Turbiscan® for
30 days at a temperature of 25.0 + 1.0 °C. Data are presented as a function of time (0-30 days) of sample
height (0 to 20 mm) (the direction of analysis time is indicated by the arrow).

The stability results are in agreement with PCS measurements of samples analyzed after
28 days of storage, showing that, at the 0.05 level of significance, the difference between
the population mean size and PDI was significantly different for mean size only for CT-
NLC, whose particles were found to be of about 500 nm (Figure S1). These data are in
agreement with previous findings, with L-NLC showing a more stable long-term behavior
thanks to the tendency of the nanoparticles to agglomerate, thus determining the formation
of a flocculated suspension, whose nanoparticles can be easily dispersed by gentle shaking.
In order to analyze the influence of the oily component on the NLC structure, X-ray
diffraction, Raman spectroscopy, and Transmission Electron Microscopy (TEM) were
performed. In particular, NLC were analyzed through Raman spectroscopy using a micro-
Raman spectrometer, in order to obtain the so-called “molecular footprint” of the sample,
which provides information about the sample’s molecular composition and structure [54].
In particular, through molecular vibrations produced by a laser beam, a map of chemical
and structural changes in molecules can be obtained, which describes conformation and

arrangement in lipid chain after the addition of the oil [55]. Since a similar behavior was
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observed for NLC produced using Neem oil or Mentha EO compared to NLC prepared
using Lavandula or Rosmarinus EQ, for a clearer representation of data, we report only L-
NLC and N-NLC Raman spectra vs. CT-NLC (Figure 3). The Raman spectra of all the
prepared NLC are reported in Figure S2. Although no shifts in the frequencies of the Raman
transitions arise in a comparison of the different samples, the relative intensities in
significant regions change conspicuously for L-NLC compared to controls, CT-NLC and

N-NLC (Figure 3).

Intensity (a.u.)

0 1000 2000 3000
Raman shift (cm™)
Figure 3. Raman spectra of L-NLC, CT-NLC, and N-NLC.

The most intense bands in the spectra of molecules including alkanes and lipids with alkyl
groups are the CH stretching modes. The most common vibrational Raman active modes
in the analyzed systems are summarized in Table 3. Both frequency differences and relative
intensity changes for these vibrational modes have been used to monitor specific
conformational changes in the hydrocarbon chains [56]. The 1100 cm™' region in particular
has been shown to be a superposition of the C—C stretching modes for segments of all-trans

hydrocarbon conformations.

Table 3. Common vibrational modes.

Functional Group Mode Approximate Wave Number (cm™)
-CH3, symmetric and antisymmetric stretch 2920-2960
-CH3, symmetric and antisymmetric stretch 2850-2890
-PO,, symmetric and antisymmetric stretch 1080-1200
-C-C- 1050-1150
-C-O- 1410
-C=0 1720
-COH 870-890
-OH 1080-1090
-CH;-, deformation 1460-1470

An increase in intensity of the 1115 cm™' band relative to the intensities of the 1050 cm™
transitions (I1115/11050) is indicative of a greater fluidity within the hydrocarbon chains;
therefore, the increase in the 1115 cm ™' band originates from the increased intramolecular

disorder in the systems. The Raman spectra of the NLC systems in the 2750-3050 cm ™'
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spectral region, i.e., the C—H stretching vibration region, are well fitted as a sum of six
Gaussian bands, as reported in the Table S1. It is well known that lipids interact with
phospholipidic membrane. De Lange et al. [57] reported that Raman spectra of binary
vesicles-cholesterol bilayers showed little variation associated with cholesterol, which
allows spectral changes to be assigned to the lipid-chain vibrational signatures of the liquid-
disordered (I-d), solid-ordered (s-0), and liquid-ordered (I-o0) phases. Analyzing the C—H
stretching, C=0 stretching, and CH, bending modes, it is possible to monitor the structural
order evolution of cholesterol in vesicle systems [58]. The region around 3000 cm ™' of the
Raman spectrum consists of a large number of overlapping peaks, containing both
fundamental CH-stretch vibrations and Fermi resonance bands. The CH; symmetric
stretching modes appear in the 2870-2880 cm ™' spectral region, with a Fermi resonance
(FR) component in the 2930-2940 cm ' region. The peaks in the 2950-2970 cm ™' spectral
region are the CHs; out-of-plane and in-plane methyl antisymmetric stretches. The
methylene vibrations at approximately 2850, 2880, 2900, and 2930 cm™' are sensitive to
conformational changes as well as intermolecular interactions of the alkyl chains of lipids.
The va(CH) antisymmetric stretch is coupled to rigid rotations—torsional vibrations, so that
it broadens considerably with temperature, and increases continuously in frequency, from
2880 to 2900 cm ™', as gauche conformers are introduced. The vs(CH,) symmetric stretch
contains three components, centered at 2852, 2900, and 2928 cm ™', because of extensive
Fermi resonance interactions with overtones of the bending modes, and it is affected by
intra- and inter-molecular interactions. The relative intensities of the peaks in this last
spectral region change notably with changes in hydration state, packing, and
conformational order [57,58]. In order to exploit this spectral sensitivity toward the lipid
environment, several spectral parameters have been used in the literature that empirically
describe the order of the lipid matrix. The peak height ratio 12890/12850 has been used as
a marker for chain packing and conformational disorder, where higher values indicate a
higher ordering of the chains [59]. Table 4 resumes the Raman intensity ratios related to
C—C stretching vibrational bands (I1115/11050) and C-H stretching vibrational bands
12890/12850 for all samples.

Table 4. Raman intensity ratios related to C—C stretching vibrational bands (I1115/11050) and C—H stretching
vibrational bands 12890/12850.

Sample Li115/T1050 L>890/I2850
CT-NLC 0.69 1.20
L-NLC 0.74 1.94
M-NLC 0.53 0.50
N-NLC 0.71 0.62
R-NLC 0.67 1.00
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The Raman spectra of L-NLC, CT-NLC, and N-NLC systems in the C-H stretching
vibration region are shown in Figure 4. The spectrum in the 2750-3050 cm ™' spectral region

is well fitted as a sum of six Gaussian bands, as reported in the Supplementary Materials.
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Figure 4. Raman spectra of NLC prepared with Lavandula (L-NLC), Tegosoft CT (CT-NLC), and Neem oil
(N-NLC): region around 3000 cm™".

XRD measurements were performed for all NLC, showing a similar behavior between
Lavandula, Mentha and Rosmarinus with respect to the controls CT-NLC and N-NLC.
Figure 5 shows the XRD spectra recorded for L-NLC vs. control NLC samples. The
presence of discrete peaks, more or less pronounced, emerging from a very large peak is
evident in each spectrum. This indicates that the observed material is characterized by a
semicrystalline structure. The discrete peaks (labeled 1-4) correspond to the interplanar
spacings of 1.22, 0.46, 0.42, and 0.38 nm, respectively. These four peaks are clearly visible
for L-NLC. M-NLC and R-NLC showed similar XRD spectra to that of L-NLC (Figure
S3). Contrarily, CT-NLC and N-NLC showed a considerably reduced intensities of Peaks
2 and 3. The occurrence of such peaks indicates the presence of ordered solid lipids in the
B and B’ crystallographic modifications [60]. In addition, in Figure 4, it is evident that the
relative intensity of the various peaks is different for each sample: the peaks are well
pronounced in all EO-loaded NLC, as reported for L-NLC (Figure 5), but are very low in
the controls CT-NLC and N-NLC.
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Figure 5. XRD spectra of representative samples L-NLC, CT-NLC, and N-NLC.

Through X-ray diffraction, it was possible to measure the NLC crystallinity index (C), an
important parameter that allows predicting polymorphic transitional changes during storage
[55]. Crystallinity was measured between 5 and 30 degrees, and the obtained results are
reported in Table 5. Comparing the NLC produced with different EOs, it emerged that the
use of Lavandula and Rosmarinus led to the formation of NLC with the highest values of
crystallinity (68% and 40%, respectively), while NLC prepared using Mentha or Neem oil
showed lower values (30% and 20%, respectively). It is possible that the high amount of
linalool present in the complex mixture of Lavandula and Rosmarinus increases the NLC
stability, as we previously reported [4]. Interestingly, the lowest crystallinity value (10%)
was registered for CT-NLC, related to the presence of a less ordered structure. As reported
in the literature, the crystallinity of the lipid matrix is affected by the structure of the liquid
oil [61]. Therefore, the following scale based on the reduction of the crystallinity value can
be described: L-NLC > R-NLC > M-NLC > N-NLC > CT-NLC. The lowest crystallinity
found for caprylic/capric triglyceride is consistent with literature findings, in which the
addition of a synthetic oil was demonstrated to strongly reduce the crystallinity of the lipid
matrix [61,62]. It is interesting to highlight that the crystallinity scale presents the same
order of the stability scale obtained by Turbiscan® analysis, with L-NLC and R-NLC as the

most stable formulations compared to other NLC.
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Table 5. Crystallinity (C%) of Tegosoft CT NLC (CT-NLC), Neem NLC (N-NLC), Mentha NLC (M- NLC),
Lavandula NLC (L-NLC), and Rosmarinus NLC (R-NLC).

Sample C (%)
CT-NLC 10%
N-NLC 15%
M-NLC 30%
L-NLC 68%
R-NLC 40%

In order to analyze the NLC morphology, TEM analysis was performed. Figure 6 reports
TEM images of L-NLC, CT-NLC and N-NLC. In particular, CT-NLC (Figure 6a,b)
showed a very irregular arrangement of nanoparticles, with a central oily core and a large
shell. N-NLC (Figure 6¢,d) and M-NLC (Figure S4) showed the presence of a faint central
oily core surrounded by the solid lipid and surfactants layers, in agreement with previous
studies [63,64]. On the other side, L-NLC (Figure 6f) and R-NLC (Figure S5) showed a
structure characterized by the presence of many oily droplets dispersed in the solid lipid
matrix, in agreement with previous findings [65]. It is possible that the ability of Lavandula
and Rosmarinus to create imperfections in the NLC matrix also affects the nanoparticles’
structure, improving their order and, consequently, stability during storage, probably due

to their composition characterized by high amount of linalool [4,15,16].

Figure 6. Transmission electron microscopy (TEM) images of: CT-NLC (a,b); N-NLC (c,d); L-NLC (e,f).
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As reported in Figure 7, the release profiles of EOs from NLC was similar for Lavandula
and Rosmarinus, with a sustained release over the first 8 h, with about 20% of EO released
from NLC. After 24 and 48 h, the cumulative amount of EO reached about 50% and 80%
of the loaded oil, respectively (Figure 7). Our results are in agreement with previous
findings [66], confirming the advantages of EO encapsulation into NLC that would provide

a sustained and prolonged release.

——L-NLC ——R-NLC

EO % released

0 & 12 18 24 30 3‘6 ~12 . 4‘5 .
Time {h)
Figure 7. Percentage of Lavandula and Rosmarinus EOs released from L-NLC and R-NLC, respectively, at
different time intervals up to 48 h. Each value is the mean of six independent experiments. * Significance for
p <0.05.

5.3.2 In Vitro Cytocompatibility
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
performed in order to assess NLC cytocompatibility. Some NAD(P)H-dependent
oxidoreductase enzymes are produced by living cells and are able to cause the conversion
of yellow MTT salt into purple formazan. The intensity of the color is directly related to
the cells’ viability; quantification of formazan crystals is carried out through absorbance
measurement. MTT assay was performed on human (HFF1) and murine (NIH-3T3)
fibroblast cell lines, selected to test the biocompatibility and safety of NLC
nanosuspensions, which is essential to ensure that the NLC do not affect the capability of
normal cells to produce trophic growth factor, which support a variety of cellular processes
of the above epithelial tissues [67]. All the prepared NLC were tested at different
concentrations (100, 200, 400, and 500 pg/mL) and compared to controls. The results are
reported in Figures 8 and 9.
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Figure 8. Murine fibroblasts NIH-3T3 viability after 24 h treatment with different concentrations of Tegosoft

CT NLC (CT-NLC), Lavandula NLC (L-NLC), Rosmarinus NLC (R-NLC), Mentha NLC (M-NLC), and
Neem NLC (N-NLC). All values are mean + SD of three experiments in triplicate.
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Figure 9. Human fibroblasts HFF1 viability after 24 h treatment with different concentrations of Tegosoft CT
NLC (CT-NLC), Lavandula NLC (L-NLC), Rosmarinus NLC (R-NLC), Mentha NLC (M-NLC), and Neem
NLC (N-NLC). All values are mean + SD of three experiments in triplicate. “** p < 0.001 vs. control.

As expected, the control formulation prepared using Tegosoft CT (CT-NLC), did not affect
cell viability of both murine and human fibroblasts, showing a cell viability higher than
90% at all tested concentrations. No cytotoxic effects were observed when murine
fibroblasts were treated with N-NLC, while the highest concentration (500 pg/mL)
significantly reduced human fibroblast viability by a hefty 60%. This result is supported by
previous studies showing Neem cytotoxic effects on different cell lines (embryonic 3T3
fibroblasts, HelL.a tumor cells, HaCat keratinocytes, and V79-4 pulmonary fibroblasts)
when used at low concentration and in combination with oleic acid [63]. Furthermore,
Neem oil was found to induce cell death in a time-dependent manner on HCT116 cells,
whose effect was attributed to the cell cycle arrest and apoptosis due to Neem limonoids,
even if the molecular mechanism of Neem limonoid-induced cell death has not been de-
scribed [68]. Interestingly, L-NLC and R-NLC showed good biocompatibility on both
murine and human cell lines, at all tested concentrations. This result is consistent with
previous studies demonstrating that the EO encapsulation is able to improve the oil

biocompatibility on Raw 264.7 cells (macrophage cell line) [4]. Mentha EO-loaded NLC
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(M-NLC) showed a dose-dependent effect, since concentrations equal to 100 and 200
pg/mL resulted to be highly biocompatible, while a 50% reduction in fibroblasts viability
was observed at 400 and 500 pg/mL. This result is consistent with earlier research, in which
Mentha species EOs have been reported to exert cytotoxic effects that can be exploited to
treat cancer, due to their ability to inhibit the cell proliferation of numerous tumor cells by
acting on mitochondrial dysfunctions, apoptosis induction, and autophagy processes
[69,70].

Based on the obtained results, Lavandula and Rosmarinus were selected as safe and
promising EOs to be encapsulated into NLC for the potential treatment of Alzheimer’s
disease, thanks to the formation of small and homogeneous particles and a more ordered
structure related to the formation of oily droplets into the lipid matrix. In order to exploit
the intranasal delivery, we aimed at improving the mucoadhesive properties of the systems,
with the addition of a coating layer of the cationic lipid DDAB, thus obtaining L-NLC+,
R-NLC+, and CT-NLCH+, respectively, prepared with Lavandula, Rosmarinus, and
Tegosoft CT. DDAB at 150 pg/mL was selected as a safe concentration able to guarantee
positive ZP value. As recently reported, DDAB is safe on human keratinocytes (HaCaT)
and osteoblast-like (SAOS-2) cell lines, with cell viability being higher than 90% of control
at 165 pg/mL and higher than 50% for twice this concentration (330 pg/mL) [71]. As
expected, the addition of such a low amount of the positively charged coating layer did not
induce significant modification in mean size, whose values were found to be 211.1 and
184.5 nm for L-NLC and R-NLC, respectively, without affecting PDI (<0.3). ZP was found
to be highly positive, with values equal to +40.5 and +43.0 mV for L-NLC and R-NLC,
respectively. In order to verify the mucoadhesive properties of L-NLC+ and R-NLC+,
compared to the control CT-NLC+, the interaction with mucin was evaluated over a period
of 24 h, by measuring the turbidity at 650 nm (ABS) and the change in the ZP values
(Figure 10).
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Figure 10. In vitro assessment of mucin interactions with CT-NLC+, R-NLC+, and L-NLC+ by turbidimetric
assay at 650 nm (A) and Zeta potential (ZP) modifications (B).
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Absorbance measurement was reported to give a rough estimation of particle-mucin
interaction [72]. The mucoadhesive interaction between particles and mucin results in the
adsorption of the mucin around the surface of the particles with a consequent slight
aggregation that can be detected as an increase in UV absorbance [73]. For this reason, the
turbidity value after mixing CT-NLC+, R-NLC+, and L-NLC+ with native mucin was
determined after 1 h and followed up to 24 h. As shown in Figure 10A, the turbidity of all
NLC+/mucin dispersions was higher than the turbidity of mucin dispersion itself at both
the time points considered, thus suggesting the interaction between NLC+ and mucin [74].
Furthermore, high absorbance values of CT-NLC+, R-NLC+, and L-NLC+ dispersions
before incubation with mucin (whose values were 2.015, 1.226, and 2.049, respectively)
reflected particle motion [72], while reduced values after their incubation with mucin
(Figure 10A) are related to possible particle immobilization due to adsorption of mucin on
their surface [75]. As reported by D’Angelo et al., mucin’s adsorption on particle surface
is expected to reduce particle mobility, agglomeration, and to a certain extent precipitation
might take place [76]. Our results suggest higher interactions for both nanosystems with
EO compared to the CT-NLC+.

Particle-mucin interactions were further confirmed by ZP measurements. Important
changes in ZP value are related to strong mucoadhesive properties. In our previous study,
the interaction between mucin and PLGA-PEG nanoparticles (NPs) intended for intranasal
administration was evaluated [77]. Herein, ZP of PLGA-PEG NPs remained almost
unchanged in the presence of mucin, demonstrating that weak interactions occurred
between PEGylated NPs and mucin [77].

In the present study, upon addition of CT-NLC+, R-NLC+, and L-NLC+ to mucin, the
negative ZP of mucin (~—9 mV) was inverted to a positive value (Figure 10B), and
consequently a significative variation in the ZP of CT-NLC+, R-NLC+, and L-NLC+
(~+20 mV) was observed after incubation with mucin owing to the mucin coating.
According to turbidimetric results, the interaction was higher for NLC+ with EOs in the
following order: L-NLC+ > R-NLC+ > CT-NLC+.

Mucins are highly glycosylated glycoproteins with a large peptide backbone and
oligosaccharides as side chains. Their protein backbone is characterized by the presence of
repeating sequences rich in serine, threonine, and proline residues. The net negative charge
is due to the presence of deprotonated carboxylate groups (sialic acid) and ester sulfates at
the terminus of some sugar units [78]. The mucoadhesive study was carried out at a specific
pH value (pH 5.8) according to the intranasal administration route. The loss of electrostatic

interaction of mucin at low pH led to a conformational change from a random coil to a rod-
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like structure by exposing hydrophobic regions, which were folded and sequestered in the
inner part at neutral pH. This is a favorable condition for the interactions between mucin
and other entities [77,79]. The electrostatic interaction is the most expectable
mucoadhesive mechanism. This may be due to the interactions between the negatively
charged sialic groups of mucin and DDAB tertiary amino group present on the
nanoparticles surface. Therefore, the reduction of ZP values observed for all NLC+ after 1
and 24 h of incubation with mucin could be attributed to the ionic interaction between the
negatively charged mucin particles and NLC+. As a result, the interaction led to a decrease
in NLC+ motion, which in turn could decrease their wash out by nasal mucociliary motion
after administration, limiting the loss due to sneezing, thus allowing the sustained and
prolonged release of the EO to directly reach the brain. These findings are very promising,
because, although nasal drug delivery offers direct access of the therapeutics to the brain,
it faces hindrances, such as the mucociliary clearance, that prevents drug retention at the
mucosal surface with consequent loss of drug therapeutic effectiveness [80,81].
Mucoadhesive carriers could overcome this issue by prolonging the residence time of the
drug in the nasal area, thereby increasing absorption and resulting in a remarkable

therapeutic response [81].

5.4 Conclusions

Taken together, our results show that the use of Lavandula or Rosmarinus allowed the
formation of smaller and more homogeneous nanoparticles, with a more ordered structure
related to the formation of oily droplets into the lipid matrix compared to the other tested
oils. The results of in vitro studies show that EO nanoencapsulation provides a sustained
and prolonged release. Furthermore, Lavandula and Rosmarinus NLC were safe on both
murine and human cell lines, at all tested concentrations. This preliminary study suggests
that optimized positively charged NLC containing Lavandula or Rosmarinus can be
proposed as a potential add-on strategy in the treatment of neurodegenerative diseases
through intranasal administration, due to the well-known beneficial effects of essential oils

and the mucoadhesive properties of the prepared NLC.
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Figure S1. Mean particle size (Zave, nm), polydispersity index (PDI) and Zeta Potential (ZP) + standard
deviation (SD) of the prepared Lavandula NLC (L-NLC), Mentha NLC (M-NLC), Rosmarinus NLC (R-
NLC), Tegosoft CT NLC (CT-NLC) and Neem NLC (N-NLC) analysed after 30 days of storage in
Turbiscan.
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Figure S2. Raman spectra of all the prepared NLC.
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Figure $3. XRD spectra of all the prepared NLC.
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Figure S5. Transmission electron microscopy (TEM) images of NLC prepared using Rosmarinus EO (R-
NLC).

Table S1. Raman parameters for the C-H stretching vibrational bands of NLC systems.

Sample Peak position FWHM Strength

P (em™) (em™) (a.u.)
2853 19 0.75

2883 27 0.92

CT-NLC 2912 25 0.76
2937 22 0.68

2962 19 0.32

2986 36 0.11

2853 16 0.49

2890 47 0.95

L-NLC 2916 16 0.29
2936 25 0.71

2969 27 0.38

3007 32 0.17

2852 15 0.53

2881 19 0.25

M-NLC 2907 60 0.97
2934 22 0.39

2961 23 0.33

2983 48 0.12

2853 18 0.64

2882 18 0.40

N-NLC 2902 58 0.76
2936 19 0.22

2963 24 0.20

3001 34 0.06
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Sample Peak position FWHM Strength
P (em™) (em™) (a.u.)
2853 18 0.7
2881 27 0.71
R-NLC 2923 50 0.96
2966 12 0.13
2978 47 021
3010 30 0.02
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Abstract: The administration of hydrophilic therapeutics has always been a great challenge
because of their low bioavailability after administration. For this purpose, W/O/W
microemulsion resulted to be a potential successful strategy for the delivery of hydrophilic
compounds, interesting for the nasal mucosal vaccine therapy. Herein, an optimized
biphasic W/O microemulsion was designed, through a preliminary screening, and it was
inverted in a triphasic W/O/W microemulsion, intended for the nasal administration. In
order to enhance the mucosal retention, surface modification of the biphasic W/O
microemulsion was performed adding DDAB, and then converting the system into a
cationic triphasic W/O/W microemulsion. The developed samples were characterized in
terms of droplet size, polydispersity, zeta potential, pH and osmolality. The physical long-

term stability was analyzed storing samples at accelerated conditions (40+2°C and 75+5%
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RH) for 6 months in a constant climate chamber, following ICH guidelines Q1A (R2). In
order to verify the potential retention on the nasal mucosa, the two triphasic systems were
analyzed in terms of mucoadhesive properties, measuring the in vitro interaction with
mucin over time. Furthermore, fluorescein sodium salt was selected as a model hydrophilic
drug to be encapsulated into the inner core of the two triphasic W/O/W microemulsions,
and its release was analyzed compared to the free probe solution. The cytocompatibility of
the two platforms was assessed on two cell lines, human fibroblasts HFF1 and Calu-3 cell

lines, chosen as pre-clinical models for nasal and bronchial/tracheal airway epithelium.

Keywords: Drug delivery system; Emulsions; Mucosal vaccination; Nasal drug delivery;

Physical stability; Preformulation; Self-emulsifying; Vaccine delivery.

6.1 Introduction

Currently, the need to obtain increased drug efficacy or reduced side effects led scientific
community to develop innovative drug delivery systems for hydrophilic molecules, which
are becoming more relevant in therapy. Many therapeutical compounds, such as vaccines,
nucleic acids, proteins and some anti-cancer molecules, have a hydrophilic nature with poor
permeability, low intracellular absorption, rapid enzymatic degradation and clearance,
moderate distribution, low therapeutic index, and poor pharmacokinetic profile'. To
overcome these limitations, the focus of researchers is aimed to the development of Drug
Delivery Systems (DDS) which are effectively capable to vehiculate hydrophilic
molecules, since these compounds have weak interactions with many drug carriers,
resulting in a low encapsulation efficiency, unwanted loss and initial burst release®. Having
an inner water core, W/O emulsions could be suitable for the encapsulation of hydrophilic
molecules. They present the advantage of providing a higher solubilization compared to
simple micellar dispersions, assuring greater kinetic stability. Furthermore, their small
droplets size provides a pathway to drastically increase the drug dissolution rate and
subsequently their systemic bioavailability’. Nevertheless, W/O emulsions could present
critical issues because of their thermodynamic instability; they are prone to
demulsification, eventually leading to bulk phase separation, sedimentation, coalescence
and flocculation. Furthermore, other factors can result in physically instability for lipid
oxidation, such as temperature, ionic strength, and oxygen content, which can severely
restrict W/O emulsion development and application in therapeutics*. Otherwise, in order to

enhance the delivery of drugs, multiple emulsions, such as water-oil-water (W/O/W) ones,
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also called double or triphasic emulsions, have been developed. They consist of a primary
water in oil (W/O) emulsion of water droplets dispersed in an oily phase (primary biphasic
system), which is then dispersed in an external water phase, thus leading to the formation
of the W/O/W double emulsion (secondary triphasic system). Due to their composition and
structure, W/O/W emulsions ensure the absorption of hydrophilic compounds and can also
be exploited for simultaneously transporting hydrophilic and lipophilic compounds in a
single vehicle®’. Considering droplets dimensions, emulsions could be divided into:
macroemulsions (>400 nm), nanoemulsions (200-400 nm) and microemulsions (<200
nm)°®. Herein, the terms nanoemulsions and microemulsions are used following these
considerations’.

Nowadays, the scientific community is focusing its interest on the potential use of the nasal
route for drug delivery, which represents an interesting strategy to deliver drugs locally,
systemically, and directly to the brain (crossing over the Blood Brain Barrier, BBB) and
being in direct contact with the external environment. Compared to the oral and parenteral
routes, nasal administration presents different benefits, including being needle free,
potentially self-administrable and non-invasive, allowing a great uptake surface area,
avoiding first pass rate metabolism®, eliminating the gastrointestinal drawbacks and side
effects and guaranteeing the possibility to obtain therapeutical drug levels with a faster
onset of drug activity’. Moreover, intranasal route is preferred in children and elderly
people since it enables a better patient compliance'®. One of the drawbacks of the nasal
administration route is the low bioavailability of hydrophilic and high molecular weight
(HMW) peptide and protein drugs, which is normally less than 1%''. However, even if
nasal administration seems to be potentially efficient, the use of free drug presents several
limitations, related to its chemical-physical features, such as their weak mucosal membrane
permeability, but also to physiological mechanism, because of the mucociliary clearance
and enzymatic degradation''*. Based on these considerations, the encapsulation into DDS
could be a successful strategy. One of the most important applications of mucosal route is
for vaccines’ administration because it offers an immunoreactive site in the mucosal
epithelium, while reducing anaphylactic shock risks due to the slow uptake and preventing
antigen degradation in the stomach from gastric enzymes, compared with parenteral and
oral administrations'’. Vaccine can be absorbed into the blood circulation system by
mucosal, relatively quickly. This is the most suitable route of immunization because it is
rich in T-cells, B-cells and plasma cells and encourages both systemic and mucosal antigen-

specific adaptive immune responses’’.
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Basing on these considerations, different raw materials were screened to select the more
adequate components to obtain the primary W/O biphasic microemulsion (ME2);
subsequently, the produced ME2 was inverted in order to produce an optimized secondary
triphasic W/O/W microemulsion (ME3). The optimized ME2 was also modified through
the addition of didodecydimethylammonium bromide (DDAB), namely ME2+, and then
inverted to obtain the cationic ME3+. Droplets size (Z-ave) and polydispersity (PDI), as
well as zeta potential (ZP), were assessed using Photon Correlation Spectroscopy (PCS),
and pH and osmolality were measured. In order to analyze the physical long-term stability,
samples were stored at accelerated conditions (40£2°C and 75+5% RH) for 6 months in a
constant climate chamber, following ICH guidelines Q1A (R2)'®. ME3 and ME3+ were
also investigated to evaluate their mucoadhesive properties. Different concentrations of
both formulations and different treatment times were analyzed to assess in vitro
biocompatibility on human fibroblast (HFF1) and human airway epithelial (Calu-3) cell
lines, selected chosen as pre-clinical models for nasal and bronchial/tracheal airway
epithelium. Fluorescein sodium salt was encapsulated as hydrophilic model drug into the
inner aqueous core of the biphasic W/O microemulsions ME2 and ME+. The obtained
fluorescein-loaded ME3 and ME3+ were characterized and dialysis bag studies were

performed to evaluate the probe release.

6.2 Materials and Methods

6.2.1 Materials

Kolliphor™ RH40 was provided by BASF Italia S.p.a. (Cesano Modena, Italy); Oleoyl
Macrogol-6 Glycerides (Labrafil®) was a gift from Gattefossé Italia s.r.l. (Milano, Italy);
Isopropyl myristate (IPM) and Triglyceride caprylic-capric (Tegosoft CT, Miglyol 812)
were purchased from Farmalabor (Canosa di Puglia, Italy). Tween® 80 (Polysorbate 80),
Span® 80 (Sorbitan monooleate), Didodecyldimethylammonium bromide (DDAB),
Fluorescein sodium salt, Tris (hydroxymethyl)aminomethane buffer, Phosphate Buffered
Saline pH 7.4 (PBS) were bought from Merck (Darmstadt, Germany). Mucin (mucin from
porcine stomach type II), NaCl, NaHCOs3, CaCl,-2H>O and KCI were purchased from
Merck. Regenerated cellulose membranes (Spectra/Por CE; Mol. Wet. Cutoff 3500) were
supplied by Spectrum (Los Angeles, CA, USA). All materials for the biological assays
were purchased from Merck. All solvents (LC grade) were from VWR International (Milan,
Italy).
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6.2.2 Preformulative studies on biphasic ME2 and triphasic ME3 and
preparation method

6.2.2.1 Materials screening for ME2 composition
Materials to be used to produce the primary W/O biphasic microemulsion (ME2) were
screened, selecting Labrafil® or Span® 80 as surfactants, Kolliphor™ or Tween® 80 as co-
surfactants, and Tegosoft CT or IPM as liquid lipids. To determine the optimal quantitative
composition of ME2, water phase was fixed at 10% w/V'’, the following equations were
used to calculate the percentages of surfactants (1) and co-surfactants (2) and the amount
of oil was selected up to 100%.

%surractant = HLBtor — HLBsurracTANT (D

%co-surractant = HLBToT — HLBCO-SURFACTANT )
The raw materials were considered in different combinations, as reported in Supplementary
Table 1, obtaining 8 samples, from ME2-A to ME2-H, each one composed by: 10.0% of

water, 12.8% of surfactant, 6.8% of co-surfactant and 70.4% of oil.

6.2.2.2 ME?2 preparation method
Primary W/O biphasic microemulsions (ME2-A to ME2-H) were prepared mixing the
established amounts of surfactant and co-surfactant at 300 rpm, subsequently adding the

oil at 500 rpm and finally dropping the internal water phase under constant stirring at 500

rpm.

6.2.2.3  Photon Correlation Spectroscopy (PCS) analysis of ME2

The produced primary W/O biphasic microemulsions (ME2) were analyzed through a
Zetasizer Nano S90 (Malvern Instruments, Malvern, UK), using quartz cuvettes, in order
to measure the mean droplets size (Z-ave) and polydispersity (PDI) of the inner water

phase.

6.2.2.4 ME2-A stirring time optimization

The optimization of ME2-A preparation was performed analyzing different stirring times
after the dropwise addition of the internal water phase (5, 30, 60, 90, 120, 150 min). The
obtained samples ME2-A 5, ME2-A 30, ME2-A 60, ME2-A 90, ME2-A 120, ME2-
A 150, were analyzed using Photon Correlation Spectroscopy described above (paragraph

2.2.3).

6.2.2.5 ME3-A composition screening
In order to obtain the secondary triphasic W/O/W microemulsion (ME3-A), Tween® 80
was added to ME2-A at different concentrations (0%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%,
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9%, 10% w/V) and ME2-A was inverted in TRIS external phase at different dilutions (1:3,
1:6, 1:9) under constant mixing at 500 rpm for 10 min. The obtained ME3-A samples were
analyzed using Photon Correlation Spectroscopy as described below (paragraph 2.3.1).

6.2.2.6 ME3-A surface modification
The optimized ME3-A was modified with the cationic lipid DDAB, which was added at a
concentration of 0.15% w/V into the inner biphasic microemulsion (obtaining ME2+A),

before its inversion to triphasic microemulsion (obtaining ME3+A).

6.2.2.7 Fluorescein loading
Fluorescein, as a hydrophilic model drug, was loaded into the inner water phase of ME2-
A and ME2+A at a concentration of 1 mg/mL, before their inversion to triphasic

microemulsions, thus obtaining F-ME3-A and F-ME3+A, respectively.

6.2.3 Physico-chemical and technological characterization of
triphasic ME3s

6.2.3.1 Photon Correlation Spectroscopy (PCS) analysis of ME3s

Zetasizer Nano S90 (Malvern Instruments, Malvern, UK) was also employed to analyze

the secondary triphasic W/O/W microemulsion (ME3-A), using polystyrene cuvettes to

measure Z-ave and PDI, and folding capillary cuvettes for measuring ZP. Three analyses

of each sample were performed, and results are reported as mean + SD.

6.2.3.2  Osmolality and pH measurements

Osmolality of the samples was analyzed using an osmometer (Osmomat 3000, Gonotec,
Berlin, Germany) previously calibrated using ultra-purified water and physiological
solution.

A pH-meter (Mettler Toledo, Milano, Italy) was used to measure samples pH, after
calibration with pH 4.0, 7.0 and 10.0 solutions.

6.2.3.3  Accelerated stability studies

ICH guidelines Q1A (R2)'® were followed to assess accelerated stability of blank ME3-A
and ME3+A, through the incubation in constant climatic chamber (BINDER GmbH, KBF-
S 115 E6, Tuttlingen, Germany) at accelerated conditions (40+2°C temperature and 75+5%

RH) for 6 months. Z-ave and PDI were measured each month, for 6 months of storage.
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6.2.4 In vitro studies

6.2.4.1 Mucoadhesion studies

An in vitro method based on the evaluation of two parameters (turbidimetry and ZP) was
used to assess the mucoadhesive properties of the secondary triphasic W/O/W
microemulsions (ME3-A and ME3+A). Briefly, mucin (0.1% w/v) was suspended in
simulated nasal fluid (SNF: 2.192g NaCl, 0.145g CaCl, and 0.745g KCl in 250 mL of
double distilled water; pH 5) and stirred overnight to allow its complete dispersion. The
interaction between each sample and mucin was determined by mixing equal volumes of
mucin dispersion and sample suspension for 15 min at 25°C. After 0.5, 1, 2 and 3h of
incubation at 37°C, turbidimetry and ZP were assessed. In particular, turbidimetric
measurements were evaluated comparing the absorbances at 650 nm by UV-Vis
spectrophotometer (UHS5300 UV-Visible Double-Beam Spectrophotometer, Hitachi

Europe, Milan, Italy) of the native mucin and each dispersion.

6.2.4.2  Probe release

In vitro release of fluorescein from F-ME3-A and F-ME3+A, compared with fluorescein
solution, was evaluated using the dialysis bag method. After 24h of moistening in PBS
medium, dialysis tubes (Spectra/Por® membranes, MWCO 3.5 kDa) were filled with 1 mL
of each sample and incubated in 20 mL of PBS medium, maintained at 37°C under stirring
at 300 rpm. At selected time-points (from TO to 24h), 1 mL of medium was withdrawn and
replaced with 1 mL of fresh medium to guarantee pseudo-sink conditions. Each sample
was analyzed by UV-VIS spectrophotometer at 490 nm in order to quantify the amount of
fluorescein released during time (calibration curve from 0.6 pg/mL to 15.0 pg/mL;

R?=0.9914).

6.2.4.3  Cell cultures and treatments

HFF1 cells (ATCC, SCRC-1041TM) were cultured in Dulbecco’s modified Eagle’s
Medium (DMEM) supplemented with 10% v/v fetal bovine serum and (50 IU/mL)
penicillin/(50 pg/mL) streptomycin. Calu-3 cells (Calu-3, HTB-55™) were grown in
Minimum Essential Medium Eagle (MEM) supplemented with 10% fetal bovine serum
(FBS), 1% sodium pyruvate, 1% MEM non-essential amino acid solution, 1% L-glutamine
and 100 U/mL penicillin, and 100 pg/mL streptomycin (PAA Laboratories GmbH, Austria)
antibiotic solution. After seeding, the cells were maintained in a controlled environment at
37°C, 5% CO, concentration, and 95% relative humiditylg.

For the treatment, the ME3-A and ME3+A were tested at different oil concentrations (8.81
mg/mL, 5.87 mg/mL and 3.52 mg/mL), and at different timepoints (0.5, 1, 2 and 3h).
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6.2.4.4  Cytotoxicity evaluation

The cytotoxicity of the triphasic W/O/W microemulsions was assessed by MTT'” in HFF1
and Calu-3 human cell lines. The cells were seeded in a 96-well plate (1x10* cells/well)
and incubated for 24h to allow adherence. Both the formulations were diluted in media,
filtered using 0.22 pm Millipore Express PES membrane and added to cells as described in
the previous paragraph. After the treatments, the culture media was discarded and the cells
were rinsed with 1X PBS, added with fresh MTT solution (500 pg/mL in culture media)
and re-incubated for 2h. Then, MTT solution was replaced with DMSO for allowing the
dissolution of formazan crystals. The optical density (OD) was measured at 550 nm using
a microplate reader (Synergy HT multi-mode microplate reader, BioTek, Milano, Italy).
Cell viability (%) was expressed as a percentage relative to the untreated control cells

negative control, cells treated with media alone), whose value was equal to 100%.
(neg , ), q

6.2.5 Statistics

For the characterization of blank and loaded formulations reported in Table 2, two-way
ANOVA with Bonferroni’s multiple test was performed, comparing the two blanks and
also each loaded sample with the respective blank. For accelerated stability studies,
mucoadhesion turbidimetric assay and cytocompatibility studies, two-way ANOVA with
Dunnett’s multiple comparisons tests were performed. Two-way ANOVA with Tukey’s
multiple comparisons test was used for mucoadhesion ZP analysis. Significance was
calculated applying p<0.05 as the minimum level. All the analysis were performed using

Prism 9.5.0 (GraphPad Software, Inc., La Jolla, CA, USA).

6.3 Results and discussion

6.3.1 Preformulative studies on biphasic ME2 and characterization

6.3.1.1 Materials screening for ME2 composition

Labrafil® and Tween® 80 were selected as surfactants, while Kolliphor® and Span® 80 were
chosen as co-surfactants for the preliminary studies on the preparation of the biphasic W/O
ME2. IPM and Tegosoft CT were investigated as the oily phase. Labrafil® is a
biocompatible and biodegradable non-ionic amphiphilic PEG derivative (HLB=9), which
demonstrated to be safe when used in the formulation of microemulsions for intranasal
administration’. Span® 80 (HLB=4.3) and Tween® 80 (HLB=15) are widely used in
nanoformulations for their GRAS (generally recognized as safe) status. In particular,

Tween® 80 was reported to be safe on nasal tissue*' and to promote steric stabilization of
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MEs*. Kolliphor®, a non-ionic surfactant (HLB=14-16), was demonstrated to stabilize
hydrophilic compounds in emulsive systems®. Tegosoft CT (HLB=11) was considered in
this screening because of its produce small and stable MEs*. IPM (HLB=11.5) was
employed because of its ability to enhance nasal absorption of active molecules loaded into
MEs®, even if its concentration has to be maintained lower than 5% v/v to obtain a cell
viability higher than 70%, due to its activity as penetration enhancer?.

In order to obtain the quantitative composition of the primary W/O microemulsion ME2,
firstly the water content was set at 10% w/V, basing on previous literature studies'’. The
surfactant ratio was set at about 20% w/V, since Akram et al.!” demonstrated it was able to
provide the formation of homogeneous droplets with low PDI values. Basing on the
consideration that a mixture of hydrophilic and lipophilic surfactants provides a better
stabilization of the MEs compared to a single surfactant”’, we chose to add both surfactant
(Labrafil® or Span™ 80) and co-surfactant (Kolliphor® or Tween® 80), in different
combinations. As a consequence, 8 primary W/O MEs (from ME2-A to ME2-H) were
produced, combining differently surfactants and oils, and analyzed through PCS. The
obtained results are reported in Table 1. Among the prepared ME2, only ME2-A (produced
with Labrafil® and Kolliphor™ as surfactant mixture, and IPM as oil) showed small droplets

size and great homogeneity, thus it was selected for further studies.

Table 1. PCS measurements of mean droplets size (Z-ave) and polydispersity index (PDI) of primary W/O
microemulsions ME2 (from A to H). Values are reported as mean of at least 3 measurements + SD. (nd: data

not reported since the instrument was not able to measure the sample).

Sample Z-ave (nm) = SD PDI +SD
ME2-A 89.24 £ 6.37 0.188 +£0.074
ME2-B 180.40 +43.97 0.588 = 0.368
ME2-C nd nd
ME2-D 425.10£49.14 0.874 £0.128
ME2-E 299.60 + 28.36 0.390 + 0.468
ME2-F 998.20 +452.30 0.609 £+ 0.208
ME2-G nd nd
ME2-H nd nd

6.3.1.2 ME2-A stirring time optimization

Stirring rate was reported to have a great influence on the mean size of the obtained
droplets, as deepened by Akram et al.'’, whose studies demonstrated that 500 rpm was the
optimal stirring rate value: lower stirring values were not able to provide sufficient energy
to the emulsive system, causing instability; on the other hand, even if high stirring rates
could reduce the time needed for the obtainment of the emulsion, it could induce

coalescence of the droplets limiting the stabilization due to the surfactant'’. Moreover, it
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was reported that also stirring time has a great influence on droplet size and homogeneity,
and — in the situation of a multiple emulsions — on the inner phase droplets®. In particular,
considering 500 rpm stirring, it was demonstrated that an increase in stirring time from 15
min to 45 min causes an increment in the droplets mean diameter®®. For this reason, in our
studies 500 rpm was set at the stirring rate, while different stirring times were screened on
ME2-A; the obtained droplet sizes and PDI values are reported in Supplementary Figure 1.
Based on the obtained results, combining both lower droplets size with good homogeneity

values, 30 min was selected as the optimal stirring time.

6.3.2 Preformulative studies and characterization of the triphasic MEs

6.3.2.1 ME3 optimization and characterization

In order to obtain secondary triphasic W/O/W microemulsion (ME3), the selected primary
W/O biphasic ME2-A was diluted in TRIS. Since it is well known that phase ratio and
amounts of surfactants are crucial parameters in the determination of droplet size because
of aggregation phenomena®, three ME2-A to TRIS ratios (1:3, 1:6 and 1:9) were screened,
adding different percentages of Tween® 80 (from 0% to 10% w/V). Tween® 80 was selected
for its proper HLB value and because it was found to help obtaining O/W microemulsions
with small droplet diameter (<85 nm)*°. All the produced formulations were analyzed using
PCS in order to measure mean droplet size and PDI values. The obtained results, reported
in Figure 1, highlighted an initial increase in ME3-A droplet size after the addition of a
minimal amount of surfactant (1% or 2% w/V), compared to the sample without Tween®
80.

I 0% Tween 80
400 - =3 1% Tween 80
. B 2% Tween 80
300 0= 3% Tween 80
‘E‘ Bl 4% Tween 80
E’ 200 = 5% Tween 80
3 B 6% Tween 80
100 £ 7% Tween 80
=3 8% Tween 80
0= = Hl 9% Tween 80

1:3 1:6 1:9 =3 10% Tween 80

Dilutions of ME2-A in TRIS with % of Tween 80

Figure 1. Mean droplet size ME3-A, with different dilutions of ME2-A in TRIS and different amounts of

Tween® 80. Values are reported as mean of at least 3 measurements + SD.

These results could be related to the insufficient amount of surfactant at the droplet

interface, which enhanced coalescence. Increasing amounts of Tween® 80 led to the
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formation of smaller droplets, as expected, with lower sizes at higher Tween™ 80
concentrations. Basing on these considerations, ME3-A diluted in TRIS buffer at 1:3 with
4% w/V of Tween® 80 was selected as the optimal formulation and subjected to further
studies, having droplets size adequate for the nasal administration and slightly negative

(c.a. -8 mV) ZP values (Table 2).

6.3.2.2  Surface modification and fluorescein loading

As reported in literature, a neutral or negative ZP value could be suitable for both nose-to-
brain and local nasal administration, while the surface modification with a cationic agent
could enhance interactions with mucin®'. Thus, aiming to increase the residence time on
the nasal mucosa, the cationic surfactant DDAB was added to the primary W/O biphasic
ME2-A, at a concentration of 0.15% w/V, thus obtaining ME2+A, which was subsequently
converted in the secondary triphasic W/O/W microemulsion (ME3+A) by adding 4% of
Tween® 80 and diluting 1:3 in TRIS. The addition of DDAB slightly decreased the mean
droplet size of ME3+A compared to ME3-A; this phenomenon was already reported for
another microemulsion system, where the addition of different amount of the cationic
surfactant cetyltrimethylammonium bromide (CTAB) caused a variation of ME droplet
size®. Moreover, pH and osmolality of nasal formulations have to be adequate in order to
avoid mucosal toxicity. A wide pH range is well-tolerated by nasal mucosa®, even if values
close to physiological ones (4.5—6.5) are optimal; on the other hand, pH values lower than
3 or higher than 10 can promote the occurrence of irritation phenomena®*. Osmolality also
represents a crucial parameter in nasal administration, which should be isotonic, thus
inhibiting ciliary activity’, or hypotonic, increasing permeation through nasal mucosa™.
Basing on these considerations, the results obtained from the technological characterization
describe all the obtained formulations as suitable and promising for a potential nasal

administration.

Table 2. Characterization of unloaded ME3-A and ME3+A, and fluorescein-loaded F-ME3-A and F-ME3+A.
Mean droplet size (Z-ave), PDI, zeta potential (ZP), pH and osmolality are reported, and each value is the
mean of at least three measurements + SD. Statistics were calculated comparing the two blanks and each

loaded with the respective blank. Significance was set at ***p<0.001; ****p<0.0001.

Sample Z-ave (nm) + SD PDI + SD ZP(mv)+SD  pHzsp O™ (i“gl;m/ ke)
ME3-A 172.50  13.15 0.301+0.018 800+039  628+001 0.215+0.001
F-ME3-A 197.40 £ 36.35 0.321 + 0.062 7994046  634+0.01  0.238+0.006

ME3+A 118.30 + 16.40™** 0.452+0.062  +19.10+£0.07"" 6.21+0.01  0.231+0.005
F-ME3+A 142.40 +4.95™ 0.477 £ 0.045 +20.50 + 1.98 6.23+0.01 0.218+0.001
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6.3.2.3  Accelerated stability studies

In order to assess MEs long-term stability following ICH guidelines Q1A (R2)', the blank
ME3s were stored in a constant climate chamber at 40+2°C and 75+5% RH for 6 months,
performing PCS analyses every month (Figure 2). Both blank ME3-A and ME3+A showed
a good stability during 6 months-storage time in accelerated conditions, which is
representative of 1 year stability at 25+2°C and 75+5% RH'. Cationic ME3+A
demonstrated higher stability, with a minimal variation in droplets size, which was
expectable since net positive or negative ZP values are able to guarantee a sufficient
droplets repulsion, which prevents the occurrence of instability phenomena®®. However,
even if the almost neutral superficial charge of the ME3-A system induced some variation
in droplets size during storage, the droplets diameters remained into the microemulsion size

range (<200 nm)®.

250 | |
rrx * Il 0 months
200 =1 1 month
E 150 E 2 months
rt 3 3 months
3 100
N'-‘ Bl 4 months
50 = 5months
B 6 months
U -
ME3-A ME3+A
Sample

Figure 2. Z-ave (nm) of unloaded ME3-A and ME3+A stored in accelerated conditions at 40+2°C and
75+5% RH, for 6 months. Values are reported as mean of at least 3 measurements + SD. Significance was set
at "p<0.05; ***p<0.0001.

6.3.3 In vitro studies

6.3.3.1 Mucoadhesion studies

The key event in the delivery and absorption of a drug after nasal administration is its
passage through the mucus. Mucin, which is formed from mucus, is a protein that has the
potential to bind solutes and thus plays a critical role in the drug diffusion process®’. Factors
related to the physical-chemical properties of the formulation and to the nasal cavity may
affect the nasal absorption of the drug. One of the main issues hampering drug absorption
after nasal administration is the rapid mucociliar clearance that reduces the capacity of drug
absorption and its bioavailability®. Thus, during the design of a formulation intended for
the nasal route, it is of great importance to evaluate its mucoadhesive strength and its

potential interaction with the main glycoprotein of the nasal mucosa. In light of these
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considerations, mucoadhesive properties of ME3-A and ME3+A were evaluated after
interaction with mucin at different time points (0, 0.5, 1, 2 and 3h), by assessing the

variation in the ZP values (Figure 3a) and measuring the turbidity at 650 nm (Figure 3b).
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Figure 3. (a) Zeta potential values (ZP) of mucin (muc) before 0 and after 0.5, 1, 2 and 3h of incubation with
ME3-A and ME3+A (muc-ME3-A; muc-ME3+A) at 37°C. Significance was set at ****p<0.0001; ***p<0.001;
*p<0.05. (b) In vitro assessment of ME3-A and ME3+A /mucin interactions by turbidimetric assay at 650 nm.

Significance was set as ****p<0.0001 for all samples vs muc.

7ZP measurements is a common method to investigate the mucoadhesive properties of
several matrix and to evaluate the interactions of nanocarriers with mucin®. Significant
variations in ZP values were reported for both MEs at all considered time points. In
particular, upon addition of ME3-A and ME3+A to mucin, the negative ZP of mucin (~ —5
mV) was shifted to more neutral values (Figure 3a), and this effect was more significant
for mucin mixture with ME3+A probably due to the occurrence of stronger interaction
between the deprotonated carboxylate groups (sialic acid) and ester sulfates at the terminus
of some sugar units on mucin glycoproteins and the DDAB tertiary amino group present
on the surface of positively charged droplets. Anyway, the significant variation in ZP
values, reported for ME3-A since the first analyzed timepoint, suggests its interaction with
mucin, thus it also possesses interesting mucoadhesive properties.

Furthermore, absorbance measurement analysis was performed to confirm sample-mucin
interaction. The mucoadhesive interaction between MEs and mucin results in the
adsorption of the mucin around the surface of the droplets with a consequent slight
aggregation that can be detected as an increase in UV absorbance™. The turbidity of ME3-
A and ME3+A /mucin dispersions (Figure 3b) was significantly higher than the turbidity
of the mucin dispersion itself at all the time points considered for both formulations, thus
suggesting that interaction phenomena occurred for both ME3-A and ME3+A.

The reported interactions of ME3-A and ME3+A with mucin could promote the residence
time of the formulations at the site of administration, offering an easily accessible route to

the immune system inducing both mucosal and systemic immunity.
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6.3.3.2  Fluorescein loading and release

In order to analyze the behavior of a potential encapsulated drug, fluorescein was selected
as hydrophilic model drug and loaded into the inner water phase of ME2-A and ME2+A,
which were subsequently added of 4% of Tween® 80 and diluted 1:3 in TRIS, thus
obtaining the loaded secondary triphasic W/O/W microemulsions F-ME3-A and F-
ME3+A. The physical-chemical and technological features of both the loaded ME3s
resulted to be unaltered compared to the respective blank samples (Table 2). A slight not
significant increment of Z-ave and PDI after encapsulation was reported and could be
related to the steric hindrance of the probe, which could enlarge the inner aqueous core
space*’. pH and osmolality values were not affected by the addition of the fluorescein.

In vitro release of the probe from the two loaded ME3s was performed using dialysis bag
method comparing to the free fluorescein solution (Figure 4). The obtained release profiles
highlighted a different behavior for F-ME3-A and F-ME3+A. In particular, F-ME3-A
performed a sustained release, with the 50% of drug released in the first 2h, reaching the
100% at 24h. F-ME3+A, on the other hand, showed a slower release, with 50% of
fluorescein released after 8h from the beginning of the experiment, up to 60% after 24h. It
is worth to note that the higher sustained drug release provided by F-ME3-A could be an
advantage due to its reduced retention time on the nasal mucosa, compared to the positively
charged system, thus both formulations show physical-chemical and technological
properties that could be exploited to the advantage to the potential vaccine therapy thought

nasal administration.
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Figure 4. Fluorescein release from F-ME3-A and F-ME3+A, compared to free fluorescein solution. Values

are reported as mean of at least 3 measurements + SD.
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6.3.3.3  Cytotoxicity evaluation

Formulations biocompatibility represents an important prerequisite for their
pharmaceutical application. Considering the features of the nasal administration route, the
nasal tissue is the first body’s barrier and its integrity must be preserved in order to perform
its function properly'. The MTT assay, an easy and common test for cytotoxicity studies,
was chosen to assess the biocompatibility of the secondary triphasic W/O/W
microemulsions (ME3-A and ME3+A). The cytocompatibility of the secondary triphasic
microemulsions was assessed by MTT on human airway epithelial (Calu-3) and human
fibroblast (HFF1) cells lines, selected as a suitable in vifro model of the nasal milieu for
the development of nasal products'®. The results of the cell viability after 0.5, 1, 2 and 3h
exposure to both ME3-A and ME3+A treatments at different concentrations, compared

with the untreated control, are reported in Figure 5.
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Figure 5. Cell viability of Calu-3 and HFF1 cell lines treated with different concentrations of
microemulsion’s at different time points (0.5, 1, 2 and 3h): neutral unloaded ME3-A treatment with Calu-3
(a); neutral unloaded ME3-A treatment with HFF1 cell lines (b); cationic unloaded ME3+A treatment with
Calu-3 (c). Graphs display cells viability expressed as a percentage in comparison to untreated cells. Values

are reported as mean + SD of at least 3 experiments conducted in quadruplicates. Significance *p<0.05;

*p<0.01; **p=<0.001; ***p<0.0001 versus untreated control.

ME3-A formulation showed to be safe on Calu-3 after 0.5, 1 and 2h of treatment for all the
tested concentrations. At the highest tested concentration (8.81 mg/ml), ME3-A resulted in
a small reduction in the cellular viability of approximately 16% after 3h of treatment,

compared to the untreated cells (Figure 5a). This is an interesting result, since it has been
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reported that many intranasal formulations show a clearance half-life of about 15 min*,
Therefore, this observed biocompatibility up to 3h, along with a good mucoadhesion, may
ensure efficient drug penetration. The cytotoxicity studies on the HFF1 human fibroblasts
at 0.5, 1, and 2h showed the occurrence of a slight decrease in cell viability in the treatment
with the neutral ME3-A, with percentages of viability very similar to each other, thus
independent of both concentration and time. However, after 3h of treatment, ME3-A
reduced the cell viability in a concentration-dependent manner, with around 58% of cells
viable at the highest concentration tested (Figure 5b). In the case of positively charged
ME3+A, a marked reduction of cell viability was observed, in a concentration- and time-
dependent manner, in Calu-3 cells (Figure 5c) and in a greater extent in HFF1 cells (data
not shown). The cytotoxic effect of ME3+A agrees with previous studies reporting a higher
toxicity of positively charged surfactants on cells and tissues* .

As regard the effect on fibroblasts, it should be noted that this in vitro monolayer model
does not reflect in vivo conditions, as the fibroblasts are located below the nasal epithelium
layer*’. Therefore, they would not be in direct contact with the formulation, but — depending
on the mode of absorption through the nasal epithelium — they would be exposed to more
dilute formulations or individual components. In addition, the nasal stromal tissue is highly
vascularized*®, therefore the residence time of the formulation would be much shorter than

the tested time points.

6.4 Conclusions

The initial screening on raw materials resulted in the selection of Kolliphor® and Labrafil®
as surfactants for the preparation of the primary biphasic W/O ME, which resulted optimal
with the use of IPM as oily phase. Both neutral and cationic secondary triphasic W/O/W
ME3-A and ME3+A, obtained by dilution 1:3 with TRIS and the addition of a proper
amount of Tween 80, demonstrated to have adequate physical-chemical and technological
features for the nasal administration, with a good long-term stability. Considering its higher
cytocompatibility, ME3-A represents the optimal candidate for the nasal mucosal
administration of hydrophilic drugs, due to its ability to adequately interact with the site of
administration providing a sustained drug release. Therefore, ME3-A should be further

investigated as a potential platform for vaccine therapy through nasal mucosa.
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Supplementary Table 1. Quali-quantitative composition (% w/w) of ME2 (A to H).

Sample Surfactant Co-surfactant Qil Water
Labrafil  Span80  Kolliphor Tween80  SOPPOPYl  pooieofiCT
myristate
ME2-A 12.8 / 6.8 / 70.4 / 10.0
ME2-B / 12.8 6.8 / 70.4 / 10.0
ME2-C 12.8 / / 6.8 70.4 / 10.0
ME2-D / 12.8 / 6.8 70.4 / 10.0
ME2-E 12.8 / 6.8 / / 70.4 10.0
ME2-F / 12.8 6.8 / / 70.4 10.0
ME2-G 12.8 / / 6.8 / 70.4 10.0
ME2-H / 12.8 / 6.8 / 70.4 10.0
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Supplementary Figure 1. Mean droplets size (Z-ave) and polydispersity index (PDI) primary W/O biphasic

microemulsion ME2-A subjected to different stirring time.
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Abstract: Uveal melanoma is the second most common melanoma and the most common
intraocular malignant tumour of the eye. Among various treatments currently studied,
Sorafenib was also proposed as a promising drug, often administered with other compounds
in order to avoid resistance mechanisms. Despite its promising cellular activities, the use
of Sorafenib by oral administration is limited by its severe side effects and the difficulty to
reach the target. The encapsulation into drug delivery systems represents an interesting
strategy to overcome these limits. In this study, different lipid nanoparticulate formulations
were prepared and compared in order to select the most suitable for the encapsulation of
Sorafenib. In particular, two solid lipids (Softisan or Suppocire) at different concentrations
were used to produce solid lipid nanoparticles, demonstrating that higher amounts were

able to achieve smaller particle sizes, higher homogeneity, and longer physical stability.
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The selected formulations, which demonstrated to be biocompatible on Statens
Seruminstitut Rabbit Cornea cells, were modified to improve their mucoadhesion,
evaluating the effect of two monovalent cationic lipids with two lipophilic chains.
Sorafenib encapsulation allowed obtaining a sustained and prolonged drug release, thus
confirming the potential use of the developed strategy to topically administer Sorafenib in

the treatment of uveal melanoma.

Keywords: nanomedicine; drug repurposing; Softisan 100; uveal melanoma;

mucoadhesion; eye irritation test; ocular delivery

7.1 Introduction

Among the intraocular malignant tumours affecting the inner eye, the most common in
adults is uveal melanoma (UM) [1]. UM represents the second most common melanoma
after the cutaneous one — with a lifetime risk of 1 in 2500 and an incidence of 6 per million
per year — but the incidence and biological implications are different [2]. An important risk
factor is the presence of ocular lesions, while sunlight seems not to be involved in the
occurring of this condition, as it is prevalent in people living in northern Europe than in the
ones living in the South. Moreover, the pigmentation could have a protective function since
a risk factor is having a lightly coloured iris [3].

Characteristic of this melanoma is the great ability to metastasise (since the occurrence of
the primary tumour, metastasis appear in 5 years for 25% of patients and in 10 years for
34%), and the most affected organ is the liver (90%), with lungs and soft tissues following
[4]. Mortality in the metastatic UM is about 50% in one year and it is greatly influenced by
the progression of liver involvement [5].

Based on the experience with cutaneous melanomas, various systemic treatments have been
investigated also for uveal one and clinical trials demonstrated a modest efficacy [6].
Combinations of new drugs are currently studied to verify their suitability in the treatment
of UM; it is worth mentioning bortezomib in combination with celecoxib, prednisone,
temozolomide, dacarbazine, anti-angiogenic agents such as bevacizumab, sunitinib,
cetuximab, panitumumab, erlotinib, transtuzumab, or temsirolimus, MEK inhibitors or
ipilimumab [3].

In addition to the mentioned drugs analysed for UM, also Sorafenib (SRF) was proposed,
generally in combined treatment with paclitaxel, doxorubicin, and siRNA, in order to

overcome resistance mechanisms [1-3,7,8]. SRF is a small hydrophobic molecular
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inhibitor of several tyrosine protein kinases, which rapidly accelerates fibrosarcoma (RAF)
kinases. SRF was already approved for advanced renal cell carcinoma (RCC),
hepatocellular carcinoma (HCC), and advanced thyroid carcinoma [9]. SRF possesses the
ability to inhibit Raf kinases within the mitogen-activated protein kinase (MAPK) pathway,
which mediates cellular growth signals and is constitutively active in most UM tumours
[7]. Additionally, it acts on vascular endothelial growth factor receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR), causing the inhibition of tumour
angiogenesis [10]. In vitro, these phenomena occur in a dose-dependent manner, showing
good anti-tumoral properties: tests on a xenograft model (with UM cell line 92.1) also
demonstrated SRF capability of inhibiting tumour growth and reducing metastases (33%
without treatment vs. 60% with Sorafenib) [3]. Recently, Santonocito et al. demonstrated
that a new nanostructured microemulsions system carrying 0.3% Sorafenib, administered
as an ophthalmic formulation, is able to deliver effective amounts of Sorafenib to the retina,
reducing proinflammatory and proangiogenic mediators in reliable models of proliferative
retinopathies [11].

Despite all the promising results, including phase II clinical trial with SRF monotherapy in
metastatic UM [8], its clinical use is limited due to its severe side effects (diarrhoea, hand-
foot skin reaction, alopecia, anorexia, weight loss, and abdominal pain [10]) consequent to
oral administration [12].

Furthermore, the potential application of SRF in the treatment of UM needs to face the
intrinsic difficulty of the target site, which is not easy to achieve in the case of poorly water-
soluble drugs [13]. In fact, reaching the eye, especially the inner part, is a challenge both
through topical and systemic administration. Topical administration is limited by eye
physiological barriers, such as the cornea, which limit the access of xenobiotics [14], but
also by some protection mechanisms, like blinking, tearing, and drainage, which promote
a quick clearance of the drug [15]. On the other hand, it is equally difficult to make a drug
reach the eye from the inside, due to the blood-aqueous barrier, which works similarly to
the blood-brain barrier, preventing drug diffusion from blood to retina, through the
intervention of uveal capillary endothelia and ciliary epithelia. Because of all these
mechanisms, the bioavailability of drugs in the eye is poor, with an absorbed dose less than
3-5% of that administered [15].

The drawbacks related to ocular treatments could be overcome through the encapsulation
of drugs into nano-sized carriers, which provide a prolonged and controlled release, the
possibility to reach the target site and a longer residence time enhancing corneal permeation

[16].
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In order to exploit SRF potentiality, different nanoencapsulation strategies have been
investigated, including liquid crystalline, lipid, and polymeric nanoparticles [10],
demonstrating the possibility to protect SRF from inactivation with a considerable increase
of its water solubility. Among the different nanoparticles, lipid ones have been
demonstrated to be suitable for ocular delivery since they are highly biocompatible [14]
and their lipid components are able to interact with the outside lipid layer of the tear,
promoting longer retention thus acting as a depot [ 15]. Particularly, solid lipid nanoparticles
(SLN), but also nanostructured lipid carriers (NLC), represent promising strategies in
ocular delivery since they are able to incorporate a great amount of drug (up to 90%),
sustain a prolonged residence in the precorneal area and successfully encapsulate lipophilic
molecules [13-15].

The aim of this work was the development of SRF-SLN for the potential treatment of UM.
As a quali-quantitative preliminary study, two solid lipids — Softisan or Suppocire — were
analysed at different concentrations and the obtained systems were characterised through
Photon Correlation Spectroscopy (PCS) to determine their mean size (Zave), polydispersity
(PDI) and zeta potential (ZP); also, stability over time was exploited by Turbiscan® AG
Station. In vitro SLN cytocompatibility was assessed on Statens Seruminstitut Rabbit
Cornea (SIRC) cells using the Short Time Repeated Exposure (S.T.R.E.) protocol. In order
to assess the suitability of the system for topical delivery of SRF to the posterior segment
of the eye, mucoadhesive properties were evaluated on the selected SLN, optimised by the
addition of two different positively charged coating layers: the cationic lipids
didodecyldimethylammonium bromide (DDAB) or dioleoyl-trimethylammonium-propane
(DOTAP) chloride. The optimised formulation was selected for the delivery of SRF, whose

release profile was investigated.

7.2 Materials and Methods

7.2.1 Materials

Suppocire NB (C10-C18 Triglycerides) was obtained from Gattefossé and Softisan 100
(Hydrogenated Coco-Glycerides) was kindly provided by 10l Oleo (Hamburg, Germany
GmbH). Tegin O (Gliceryl Monooleate) was purchased from ACEF (Piacenza, Italy).
Didecyldimethylammonium bromide (DDAB), Tween® 80 (Polysorbate 80), N-[1-(2,3-
Dioleoyloxy)propyl]-N,N,N-trimethylammonium  chloride =~ (DOTAP), Potassium
phosphate monobasic and Phosphate buffered saline were purchased from Sigma Aldrich

Co (St. Louis, MO, USA). Sorafenib tosylate (SRF) was supplied from Hetero Labs
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Limited (Talengana, India). Sodium bicarbonate, all LC grade solvents used for high-
performance liquid chromatography (HPLC) and Millex® syringe filters (PP, PES, and
PVDF pore size 0.22 pm, 33 mm) were purchased from Merck (Darmstadt, Germany).
Regenerated cellulose membranes (Spectra/Por CE; Mol. Wet. Cutoff 3000) were supplied
by Spectrum (Los Angeles, CA, USA).

Statens Seruminstitut Rabbit Cornea (SIRC) cells were obtained from LGC Standards S.r.1.
(Milan, Italy). Basal Medium Eagle (BME), gentamicin, penicillin-streptomycin, L-
glutamine (L-glu), Trypsin—EDTA, and Fetal Bovine Serum (FBS) were from Lonza
(Euroclone S.p.A., Milan, Italy). Reagent for MTT assay (3-(4,5-dimethilthiazol-2-yl)-2,5-
dipheniltetrazolium bromide), Mucin (mucin from porcine stomach type II), and sodium
chloride were purchased from Sigma-Aldrich S.r.l. (Milan, Italy). Dimethyl sulfoxide
(DMSO), calcium chloride dihydrate, and potassium chloride (of analytical grade) were
purchased from VWR Chemicals (Milan, Italy). Benzalkonium chloride (BAK) 50% was
obtained from Novo Nordisk Pharmatech A/S (Kege, Denmark).

7.2.2 Nanoparticles Preparation

A low-energy organic solvent-free phase inversion process (PIT method) was used for the
preparation of the unloaded and drug-loaded SLN [17]. Based on previous studies, Tween
80 (6%, w/v) and Tegin O (3% w/v) were selected as surfactants in combination with
different amounts (5, 7, 8 or 9%, w/v) of Softisan (SLN A5, A7, A8, A9) or Suppocire NB
(SLN B5, B7, B8, B9), selected as solid lipids. SRF was added at different concentrations
(0.8 or 1.0%, w/v) to the melted oily phase to prepare a drug-loaded SLN. The aqueous and
the oil phases were separately heated until ~80 °C. The aqueous phase was added drop by
drop to the lipid phase, at constant temperature and stirring speed (~650 rpm). The mixture
was slowly cooled to room temperature under continuous stirring for 2 h. The selected
formulation was modified adding to the melted oily phase two different positively charged
lipids DOTAP or DDAB (0.15%, w/v), thus obtaining SLN A8-DP and AS8-DB,
respectively. In order to purify the colloidal suspensions from the excess of surfactants and
non-encapsulated drug, SLN were centrifuged at 12,000 rpm for 1 h at 4 °C, using an
ultracentrifuge (SL16R Centrifuge, Thermo Scientific, Rodano, Italy) and the pellet was
redispersed in PBS.

7.2.3 Photon Correlation Spectroscopy (PCS)
The mean particles diameter (Zave), polydispersity index (PDI), and zeta potential (ZP)
values of all prepared SLN were determined by Photon Correlation Spectroscopy (PCS)

using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, England), as previously
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reported [17]. Samples (50 pL) were diluted in 1 mL of ultra-purified water before
measurements. Each formulation was prepared six times, and each measure is the mean

value of at least three measurements + standard deviation (SD).

7.2.4 Sterilisation by Filtration

All samples were sterilised by filtration using three different types of hydrophilic
membranes of 0.22 pum pore diameter: polypropylene (PP), polyethersulfone (PES) and
polyvinylidene fluoride (PVDF) (Whatman, VWR Chemicals, Milan, Italy). SLN were
filtered and, when possible, the obtained sterile formulations were analysed by PCS to

verify particles diameter.

7.2.5 Osmolality and pH

Osmolality values of the prepared SLN were determined by an osmometer (Osmomat 3000,
Gonotec, Berlin, Germany), previously calibrated with ultra-purified water and
physiological solution. A pH meter (Mettler Toledo, Milan, Italy) was used to measure the
pH values of the SLN.

7.2.6 Turbiscan® AG Station

A Turbiscan® Ageing Station (TAGS, Formulaction, L’Union, France) optical analyser was
used to investigate the physical stability of unloaded-SLN suspensions. The equipment was
composed of the ageing station, which allows the storage of samples in three thermo-
regulated blocks [18]. The detection was operated using a pulsed near-infrared light source
(A = 880 nm), which sends information to two synchronous transmissions (T) and
backscattering (BS) detectors: in particular, T detector receives the light crossing the
sample at 180° from the incident beam, while the BS detector receives the light scattered
backwards by the sample at 45° from the incident beam. This detection system produces
1625 acquisitions for each measurement, since it scans the entire height of the sample cell
(65 mm longitude), acquiring T and BS each 40 um. Using this instrument, it is possible to
evaluate the occurrence of instability phenomena, such as particles migration or
aggregation, in colloidal suspensions (liposomes, lipids, polymeric nanoparticles [ 18-20].
In this experiment, the cylindrical glass cell contained 20 mL of each unloaded formulation,
and the storage temperatures of the three blocks were 25, 40, and 60 °C. The stability of

the samples was measured through the analysis of the variation of transmission (AT).
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7.2.7 Cell Viability Studies
Cytocompatibility of SLN was evaluated in Statens Seruminstitut Rabbit Cornea (SIRC)

cells. SIRC cells were grown in a humidified 5% CO- atmosphere at 37 °C in a complete
culture medium (CCM), made of BME containing 10% FBS, 100 U/mL of penicillin-
streptomycin, 10 mg/mL gentamicin, and 2 mM L-glutamine. Each well of a 96-well tissue
culture plate was seeded with 40,000 cells in 100 pL of CCM. Cells were allowed to grow
at 37 °C, 5% CO, until subconfluence (70-90%), and then repeatedly exposed (6x) for 10
min to 100 pL of 5 mg/mL test item solutions prepared using sterile culture medium
consisting of FBS-free BME. In detail, test items SLN A8, SLN B8, and SLN B9 were
prepared by ultracentrifugation and resuspended in a neutral isotonic PBS (300 mOsm/kg,
pH 7.2). A concentrated suspension of each nanostructured system was obtained and
diluted in FBS-free BME to be successively tested on cells at a final concentration of 5
mg/mL.

Cells were also exposed to the negative control (sterile culture medium consisting of FBS-
free BME, CTRL-) and positive control (0.01% BAK, CTRL+) for cytotoxicity evaluation.
All samples were tested in triplicates and on two different experiment days. Treatments
were removed after 10 min of exposure and all cells were re-fed with CCM.

Before re-feeding, only wells included in the “wash” protocol were washed once with BME
(free of FBS, antibiotics, and L-glu). The same procedure was repeated six times at
intervals of 1.5 h [Short Time Repeated Exposure (S.T.R.E.)]. At the end of the repeated
exposures, cells were incubated in standard conditions, and 24 h later, the medium was
removed and replaced with 100 uL. of MTT solution (0.2 mg MTT/mL of CCM). Following
a 30 min incubation, MTT formazan was extracted with 100 puL of 100% DMSO. The
optical density of the samples obtained (O.D.) was read at 570 nm in a microplate
spectrophotometer (SPECTRAFIluor Plus, Tecan, Méannedorf, Switzerland). Cell viability

was calculated as a percentage of the negative control.

7.2.8 Encapsulation Efficiency and In Vitro Drug Release

The amount of SRF encapsulated in the lipid matrix of SLN A8 was determined after
centrifugation of the sample. The pellet was diluted in tetrahydrofuran (THF) and vortexed
(Heidolph Reax 2000, VWR, Milan, Italy). The amount of SRF was directly determined
by using HPLC (see Section 2.9) without interference from the other formulation
components. The encapsulation efficiency (EE%) was calculated from the ratio between
the amount entrapped inside the nanoparticles and the total amount of drug used for their

preparation (Equation (1)).
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amount of entrapped drug
EE% = x 100
total amount of drug used

Franz-type diffusion cells were used to analyse SRF in vitro release from SLN. Firstly, the
moistening of the 0.75 cm?” regenerated cellulose membranes (Spectra/Por CE; Mol.
Weight Cut-off 3.5 kDa) was operated through the immersion in physiological solution for
1 h at room temperature. Then, the receptor compartment of cells was filled with 4.5 mL
of a mixture of the physiological solution and ethanol (50:50 v/v), thermostated at 35 + 2
°C, and constantly stirred at 600 rpm. Despite the lack of bio relevance, 50% ethanol was
mandatory to achieve SRF sink conditions in release studies, enabling its solubility,
detection, and quantification. In the donor compartment, 500 uL. of SRF-SLN was applied.
Withdrawn extracted by receptor compartments (200 ul.) were performed at scheduled
time intervals (0, 1, 2, 3, 4, 5, 6, 24, 48, 72 h) and replaced with an equal volume of fresh
receiving fluid equilibrated to 35 °C. This procedure was carried out at least three times for
each sample. Finally, SRF contents were measured using HPLC (as described in Section

2.9).

7.2.9 High-Performance Liquid Chromatography (HPLC) Analyses

An Agilent model 1100 liquid chromatograph (Agilent, Santa Clara, CA, USA), equipped
with an autosampler Agilent model 1100 and Chemstation Agilent software for data
elaboration, and a reversed-phase C18 column (Luna 100, 5 um, 150 x 4.6 mm
Phenomenex, Santa Clara, CA, USA) was used to perform high-performance liquid
chromatography-UV (HPLC-UV) analysis, to measure SRF contents. As a mobile phase,
a mixture of 20 mM of potassium dihydrogen-phosphate aqueous solution and acetonitrile
(35:65 v/v) was used, and the column flow rate was set at 1 mL/min. The detection of the
effluent was conducted at A = 260 nm, showing a retention time of 8 min. This method was
verified according to International Conference on Harmonisation (ICH) guidelines (ICH
Q2 (R1) Validation of analytical procedures: text and methodology). A calibration curve
was produced analysing the absorption of known concentration of SRF in THF, and the
obtained linear regression value was: R2 = 0.99987. Known amounts of SRF were spiked
on SLN formulation and dissolved in THF, the absorption was determined for all solutions.

No interference of the other formulation components was observed.
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7.2.10 Stability and Interaction of Nanoparticles in the Presence of
Ocular Mucus Component

7.2.10.1 Physico-Chemical Evaluation

Optimisation of SLN A8 in terms of mucoadhesive properties was operated adding 0.15%
w/v of DDAB (A8-DB) or DOTAP (A8-DP) to the lipid phase during nanoparticles
preparation. The obtained formulations were incubated with mucin dispersion (1:1 v/v) in
simulated tear fluid (STF: NaCl 0.68 g, NaHCO3 0.22 g, CaCl2-2H20 0.008 g, KC1 0.14
g, and distilled deionised water to 100 mL) at 35 °C, in order to analyse the stability and
interaction of nanoparticles with mucin. Mean size, PDI, and zeta potential (ZP) of the
nanoparticles/mucin dispersions were measured by Zetasizer NanoZS90 at scheduled time

intervals (0, 1, and 24 h).

7.2.10.2 Mucoadhesive Strength

Positively charged nanoparticles (A8-DB and A8-DP) were evaluated regarding their
mucoadhesive strength based on the interaction with the negatively charged mucin. Briefly,
equal volumes of mucin (0.1 w/v in STF) and nanoparticles were stirred for 15 min at room
temperature and incubated for 1 and 24 h at 35 °C, and then centrifuged at 13,000 rpm
(ThermoScientificTM SL16R, ThermoFisher Scientific, Waltham, MA, USA), for 1 hat 6
°C. A UV-VIS spectrophotometer (UH5300 UV-Visible Double-Beam Spectrophoto-
meter, Hitachi Europe, Milan, Italy) was used to quantify the amount of free mucin in the
supernatant at 228 nm. The calibration curve for the quantitative evaluation of mucin was
linear in the following range: 1-0.06 mg/mL (R? = 0.9891). The mucin-binding efficiency
(%), expressing the mucoadhesive strength of the nanoparticles, was calculated according
to Equation (2):

o . total amount of mucin — free amount of mucin
Mucin binding efficiency % = - X 100
total amount of mucin

7.2.11 Statistical Analysis

All data from PCS are reported as mean values £+ SD. Differences, analysed by two- sample
hypothesis testing (t-test), using Origin Software (version 8.5.1), were considered
statistically significant for p < 0.05. Cell viability data were analysed in Prism 6 (Graph-
Pad Inc., La Jolla, CA, USA) by one-sample t-test (treatment vs. cut-off) assuming a cut-
off value for cytotoxicity of 50% as per ECVAM protocol DB-ALM n° 17: MTT Assay
(EURL ECVAM Database on Alternative Methods to Animal Experimentation. Available
online: http://cidportal.jrc.ec.europa.cu/ftp/jrc-opendata/EURL-ECV AM/datasets/
DBALM/LATEST/online/DBALM docs/17 P MTT%20Assay.pdf, accessed on 5
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October 2021). For the statistical analysis of nanoparticles during stability study in mucin
dispersion (STF), two-way ANOVA was performed. Multiple comparisons were
performed according to Sidak’s multiple comparisons test. Analyses were performed using
Prism 8 (GraphPad Software, Inc., La Jolla, CA, USA, version 8.0.2, last accession date 19
October 2021), applying p < 0.05 as the minimum level of significance.

7.3 Results and Discussion

7.3.1 Physicochemical Characterisation

As reported in the literature, nanoparticle size strongly affects drug distribution and
residence time in the eye’s structure, with nanoparticles smaller than 200 nm usually
showing a burst release followed by a gradual release profile in vitro and a longer half-life,
compared to smaller nanoparticles characterised by a longer half-life and a sustained drug
release [21,22]. In order to obtain homogeneous small-sized SLN for potential ophthalmic
application, a preliminary quali-quantitative screening was developed on two different
solid lipids, Softisan (A) and Suppocire (B), at different concentrations (5, 7, 8, 9 % w/v).
The eco-friendly PIT method, reported in the literature as an easy method with a low impact
on the environment [17], was used as a lab-scale preparation procedure. The obtained
results showed that the amount of the selected lipids strongly affected nanoparticles size.
Notably, none of the lipids used at 5 or 7% w/v produced well-structured SLN, since the
lowest concentration (5% w/v) produced particles with a high degree of heterogeneity in
size (PDI >> 0.2), probably due to an excess of surfactants, compared to the amount of the
solid lipid (Figure 1). The use of 7% w/v of lipid, in both cases, led to the formation of
heterogeneous particles, characterised by the presence of different peaks of size

distribution, as revealed by the multiple peaks of intensity (Supplementary Figure S1).
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Figure 1. Mean particle size (Z-Ave, (nm)) and polydispersity index (PDI, (a.u.)) of SLN prepared with
different amounts of Softisan (A5, A7, A8, and A9) or Suppocire (BS, B7, B8, and B9). Each measurement
represents the mean value + standard deviation (SD), n = 6.
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Conversely, using higher amounts of Suppocire in SLN B8 and B9 (8 or 9% w/v) induced
a better organisation of the raw materials at the interface, with the formation of smaller and
more homogeneous particles, with a mean diameter below 200 nm (Figure 1). A different
behaviour was observed when using 9% w/v Softisan (SLN A9), whose very bulky
chemical structure led to the formation of larger nanoparticles with sizes greater than 300
nm, which is not suitable for the ophthalmic application [21-23]. Contrarily, SLN A8
showed homogeneous particles (PDI < 0.3) in the nanometer range (<100 nm), therefore
appropriate for the topical treatment of UM. Therefore, according to the acquired data, SLN
AS, A7, A9, B5, and B7 were excluded from further analysis while SLN A8, B8, and B9
were deeper characterised.

The obtained SLN showed pH values of around 6.5 + 0.2 with an osmolality of 298 = 0.10
mOsm/kg, without significant differences due to the type and amount of the used lipid.
Since the ocular tissue can tolerate a pH value ranging from 4 to 9, and the osmolality of
human tears is in the range of 280-300 mOsm/kg (although an osmolality between 200 and
450 mOsm/kg can be tolerated); therefore, the produced SLN were compatible with the
tears film.

Since sterilisation is a mandatory prerequisite for all ophthalmic formulations, a
preliminary study was performed by filtration [24]. In order to select the most suitable
material for the lipid nanocarriers used in this study, the sterilisation was carried out using
syringe filters with three different types of membranes: polypropylene (PP), polyethylene
sulfone (PES), and polyvinylidene fluoride (PVDF), with average pore diameter equal to
0.22 pm. The experimental results showed that PP and PES filters are not suitable for the
filtration of the SLN, as they retain the nanoparticles (data not shown) without the
possibility to obtain a filtrated suspension. The use of PVDF filters, on the other hand,
allowed the filtration of all SLN, regardless of the quali-quantitative composition of the
lipid matrix. From the results of PCS analysis before and after filtration, it is possible to
state that all systems maintain their initial characteristics unaltered (Table 1). Therefore,
the produced SLN can be easily sterilised using PVDF membrane filters, characterised by
great mechanical strength and dimensional stability (no deformation under weight), with

better chemical stability, almost 10 times higher compared to PP and PES filters [25-27].
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Table 1. Mean particles size (Z-Ave, (nm)) and polydispersity index (PDI, (a.u.)) + standard deviation (SD)
of SLN before and after filtration by PVDF membrane filters of 0.22 pm. Data reported are the mean of six
different experiments. * Significance for p > 0.05.

FILTRATION SLN Z-Ave £S.D. (nm) PDI £ S.D.
A8 96.63 +2.05 0.177 +£0.020
Not filtered B8 70.67 +2.08 0.126 +0.003
B9 123.5+1.36 0.139+0.012
A8 95.53+0.63 0.197 +0.080
Filtered (PVDF) B8 72.03 + 0.46 0.178 £ 0.008"
B9 117.18 +£0.82 0.165 +0.020

The physical stability of SLN A8, B8, and B9, a mandatory requirement for their potential
industrial application [28], was investigated by Turbiscan® AGS storing samples at room
temperature (25 £+ 2 °C) for 30 days (Figure 2). As shown in the graph of transmission
variations (AT) reported in Figure 2a, SLN B8 showed important instability phenomena
related to particles aggregation, highlighted by AT variation in the middle of the graph
greater than 20%. Conversely, SLN A8 and SLN B9 showed a potential long-term physical
stability, as confirmed by the absence of transmission variation in sample A8, or by the
presence of insignificant transmission variation (AT < 20%) in SLN B9. TSI values

confirmed the stability decreased in the following scale: A8 > B9 >> B8 (Figure 2b).
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Figure 2. (a) Transmission profiles (AT) of SLN A8, B8 and B9 stored in Turbiscan® for 30 days at 25.0 +
1.0 °C. Data are reported as a function of time in the range 0-30 days of sample height (0 to 20 mm); (b)
Destabilisation kinetics in terms of evolution of Turbiscan® Stability Index (TSI) of samples stored in the
instrument at 25.0 + 1.0 °C for 30 days; (c) Mean particle size (Z-Ave, [nm]) and polydispersity index (PDI,
[a.u.]) of SLN A8, B8 and B9 stored in Turbiscan® and measured by PCS after 1, 2, 3 and 4 weeks. Each
measurement represents the mean value + standard deviation (SD), n = 6.
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It is worth noting that the obtained stability results were in perfect agreement with PCS
measurements of samples stored in Turbiscan® and analysed at different time intervals (1,
2, 3, or 4 weeks). The obtained data confirmed that SLN B8 underwent significant
instability phenomena (p < 0.05) due to particle aggregation, whose size and PDI values
increased already after 2 weeks of storage (Figure 2c, Supplementary Table S1). PCS
analysis of stored samples also confirmed that SLN A8 represents the ideal formulation,
among those prepared, since after 4 weeks of storage, at the 0.05 level of significance, the
difference between population means was not significantly different for mean size and PDI
values (Supplementary Table S1). The different behaviours of Suppocire and Softisan
could be attributed to their different chemical structure and properties. Suppocire NB is a
mixture of mono-, di-, and triglyceride esters of fatty acids (C10 to C18), with an
intermediate melting point (35-39 °C). It rapidly recrystallises in the cooling phase of SLN
production, thus determining the formation of smaller particles with harder solid core
compared to the hydrogenated coco-glycerides (Softisan 100), whose lower melting range
(33.5-35.5 °C) is probably responsible for the greater values of mean size at the highest

concentration.

7.3.2 In Vitro Characterization

In order to evaluate the potential ophthalmic application of the developed formulations, the
cytocompatibility profile of SLN A8, B8 and B9 was evaluated on the SIRC cell line using
the method described above (see Section 2.7). Experimental results showed that BAK
0.01%, used as a positive control (CTRL+), induced significant cell mortality by 80-90%,
causing the permanent loss of cell viability regardless of the “wash” or “no wash” condition
(Figure 3). BAK was selected as CTRL+, considering that it is the major preservative
component currently used in eye drops at concentrations even higher than 0.01% (i.e.,
0.02%) [29,30]. SLN B8 produced statistically significant cytotoxic effects both in “wash”
and “no wash” conditions, inducing cell mortality by 56 = 1.09% and 78 + 0.98%,
respectively (Figure 3). Conversely, SLN A8 and SLN B9 were found to cause no
significant effect in the “no wash” condition (Figure 3). Noteworthy, SLN B9, with
particles of about 150 nm, showed a better cytocompatibility profile compared to smaller
nanoparticles, as reported in Figure 3.

Consistently, the same systems (i.e., SLN A8 and SLN B9) were found to be endowed with
particularly favourable profiles when tested in the “wash” protocol (Figure 3). Indeed, SLN
A8 prepared using Softisan showed a more favourable profile compared to Suppocire NB,
probably due to the lowest melting temperature of Softisan, which could provide a softer

and more flexible structure, that is more favourable in cell interactions [27]. It is worth
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noting that the “wash” protocol should be considered the most predictive condition of
potential corneal cytotoxic effects arising from administration to the surface of the eye.
Indeed, concentrations of formulations/drug delivery systems on the corneal surface are
strongly affected by several factors, including dilution, blinking, and drainage, ultimately
affecting their overall pre-corneal retention time [31]. More importantly, SLN A8 and B9
showed a promising cytocompatibility profile even when tested with the “no wash”
protocol, which is a very extreme testing condition that may prove to be inappropriate for
extrapolations to the ocular environment posing issues of potential false positives for
cytotoxic effects.

Indeed, standard cytotoxicity protocols, DB-ALM Protocol n° 17, prescribe 24 h of cell
exposure to test items [32] and this exposure time is rather extreme if compared to eye
drops residence time on the human ocular surface of only a few minutes [31]. Certainly,
this approach is most likely overestimating true cytotoxic effects. Therefore, we developed
the Short Time Repeated Exposure (S.T.R.E.) test using SIRC cells as an alternative
method for assessing eye irritation merging notion from both the DB-ALM Protocol n° 17
and the short-time exposure test by Takahashi et al. to better mimic the real situation after
administration of drugs to the ocular surface [33]. Thus, the protocol entails exposing the
target cells to test items for 5 min for a total of six repetitions, summing up to 30 min of
total exposure in a 12 h interval. Hence, we have simulated both realistic corneal residence
times and repeated administration courses typically associated with ophthalmic eye drops

treatments.

Cell viability of SIRC cells exposed (S.T.R.E.)
to different treatment

[ No wash condition
EZE8 Wash condition

Cell viability (%o of CTRL—)
B
o

T 2 T T [5mg/mlL]
& & 6-'}# &g@ q},\ﬁ’
Treatment

Figure 3. Cell viability of SIRC cells repeatedly exposed (6x) for 10 min with or without wash and with a
step of 1.5 h between the repeated exposures (Short Time Repeated Exposure (S.T.R.E.)) to control
formulations or delivery systems SLN B8, SLN B9, and SLN A8 diluted at 5 mg/mL. Dotted line is placed at
50% representing the cut-off value to determine cytotoxicity potential according to ECVAM protocol
DB-ALM n° 17. Data represent the mean + s.e.m. of three replicates for each condition. *p < 0.05; **p < 0.01;
"p<0.001; "™*p < 0.0001. One sample t-test vs. cut-off 50%.
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In order to improve the retention time after topical administration, SLN A8 was optimized
with the addition of a positively charged lipid, and the effect of two monovalent cationic
lipids with two lipophilic chains was investigated by mucoadhesive studies. In particular,
DOTAP was selected as an FDA-approved material and, in order to reduce the cost of the
final product, its effect was compared to that of DDAB, selected for its lowest cost and
ability to provide a coating layer on lipid nanoparticles [34,35].

The addition of DDAB (A8-DB) or DOTAP (A8-DP) as coating layer did not significantly
modify mean particles size and PDI values of the SLN A8 while, as expected, ZP values
turned from negative to highly positive values (+20 mV). The stability of colloidal particles
in biological fluids containing relevant levels of proteins is a crucial issue. Currently, it is
broadly accepted that the size of the particles plays an important role in their ability to
interact with cells and in their transport through the mucus layer, such as that of the ocular
mucosa [36]. Surprisingly, despite the importance of the size, there are very few articles on
the stability of colloidal particles in biological fluids. For example, Tobio et al. showed that
poly (lactic acid) nanoparticles aggregated significantly upon contact with simulated
gastric fluids [37]. Similarly, it was observed that poly-e-caprolactone nanocapsules
suffered an immediate aggregation process upon their incubation with lysomes [38].

In order to investigate nanoparticles behaviour after ophthalmic administration,
experiments were performed in presence of mucin, which is one of the main components
of the ocular mucus layer, dispersed in STF, thus investigating the effect of proteins and
ions on the stability and the mucoadhesive strength of nanoparticles intended for ocular
delivery. Experiments were performed comparing the effects of the two different coating
lipids (DDAB and DOTAP) to the uncoated negatively charged SLN AS.

As reported in Figure 4, statistically significant variations in particle mean size can be
observed for nanoparticles/mucin dispersions over time compared to the A8, A8- DB, and
A8-DP controls, with the following trend A8-DB > A8-DP > AS8. This result suggested that
the main interaction was established between A8-DB and mucin at all time points
investigated, followed by A8-DP and as expected, the negatively charged SLN AS.
Looking carefully at these results, we can observe that the increase in particle mean size
for nanoparticles incubated in mucin dispersion is associated with PDI values < 0.275
indicating the absence of aggregation and/or precipitation phenomena, thus revealing good

stability in a simulated biological fluid (STF with mucin).
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Figure 4. Nanoparticles mean size (Z-Ave, bars) and PDI (symbols) before (A8, A8-DB, A8-DP) and after
(A8-MUC; A8-DB-MUC; A8-DP-MUC) 1 and 24 h of incubation with mucin at 35 °C. Significance was set

asp>0.05; "p<0.01; p<0.001; “**p <0.0001; ns — not significant.

ZP measurement is a common method to investigate the mucoadhesive properties of several
biopolymers [39] and can be also used to evaluate the biophysical interactions of lipid
nanoparticles with mucin [40], which has a negative charge. For this reason, the superficial
charge of nanoparticles is an important parameter since repulsion between nanoparticles
and mucin occurs with negatively charged systems while there will be an attraction to the
negatively charged mucin and the positive particles [40]. Mucin has a negative charge
(approximately —7 mV), thus the positive surface charges of A8-DB and AS-DP
formulations are expected to strongly interact [41]. Accordingly, positive ZP values of A8-
DB and A8-DP were inverted to negative values after incubation with mucin (Figure 5),
suggesting that strong interactions between mucin and nanoparticles occurred, thus

confirming our previous results (Figure 4).
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Figure 5. Nanoparticles zeta potential (ZP) before (A8, A8-DB, A8-DP) and after (A8-MUC; A8-DB- MUC;
A8-DP-MUC) 1 and 24 h of incubation with mucin at 35 °C. Significance was set as p > 0.05; “p < 0.05;
“**p <0.0001; ns — not significant.
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The electrostatic interaction is the most expectable mucoadhesive mechanism. The
decrease in ZP for both nanoparticles before and after incubation with mucin supports this
observation. The occurrence of ionic interactions caused a decrease in the ZP value because
mucin interacted with the positively charged surface layer of nanoparticles, neutralizing the
positive charges [42]. Contrarily, the ZP of SLN A8 remained almost unchanged in the
presence of mucin, or decreased furtherly and reached a relatively large negative value as
a result of weaker interactions [19] and the absence of bridging effect [16], since no or low
change ("p < 0.01) in particle size was observed (Figure 5). Based on these findings, the
mucoadhesive strength of positively charged nanoparticles was furtherly investigated. Both
samples (A8-DB and A8-DP) exhibited relevant mucin-binding efficiency concomitant
with the conversion in the ZP values, as presented in Figure 5. The sample A8-DB
possessed the maximum mucin-binding efficiency (%) (99.2 + 1.08%), compared to A8-
DP (61.5 £ 2.34%). These results highlighted a different ability of the two cationic lipids
to interact with mucin, with DDAB having greater mucoadhesive properties compared to
DOTAP. This effect could be related to their different chemical structure, also affecting
their physical state at room temperature (DDAB exists as gel while DOTAP as liquid
crystalline): both aliphatic chains of DDAB are saturated, unlike DOTAP, whose chains
present a double bond in the C9 position [43]. The mucoadhesive properties are correlated
with the ionic interaction between the monovalent cationic lipid and the negatively charged
sialic acid groups of eye mucin, with subsequent formation of non-covalent bonds [42].
Such interaction promotes the ocular residence time and cellular uptake of nanoparticles,
which is essential for effective mucosal delivery of therapeutics, enhancing drug
bioavailability, through the increased rate of absorption, and drug targeting.

Based on the obtained results, considering the overall behaviour, SLN A8-DB was selected
for the encapsulation of SRF, a drug approved for the treatment of kidney cancer and
advanced liver cancer [44—50] that has been recently investigated for the potential treatment
of uveal melanoma and retinal neovascular diseases [2,3,7,8,11,51-53].

As shown in Table 2, the addition of 0.8 or 1.0 % w/v of SRF to A8 did not modify the

main properties of the SLN in terms of mean particle size and homogeneity.

Table 2. Mean particles size (Z-Ave, [nm]) and polydispersity index (PDI, (a.u.)), pH, osmolality (mOsm/Kg)
and encapsulation efficiency (EE%) + standard deviation (SD) of SLN A8 loaded with 0.8 or 1.0% w/v of
Sorafenib (SRF). Each value is the average of six different replicates + standard deviation (SD).

Z-Ave £ S.D. Osmolality

+8S.D. +8S8.D. 9 D.

SLN (nm) PDI+S.D pH=£S.D (mOsm/Kg) £ S.D. EE% = S.D
A8-SRF 0.8% 127.85 +1.50 0.215+0.014 6.33+0.85 308 +2 75.0+2.1
AS8-SRF 1% 150.12 +1.85 0.180+0.013 6.25+0.72 302+3 74.5+£2.8
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Both SRF-loaded nanosuspensions showed pH and osmolality values compatible with the
eye and high value of EE%, corresponding to 74.5 and 75% for A8-SRF 1% and A8-SRF
0.8%, respectively. This result is consistent with literature findings investigating SRF
encapsulation into lipid nanoparticles for the treatment of liver cancer, with lower EE%
values found in our study probably related to the smallest size of SLN A8 nanoparticles
[13,54-56].

The cumulative release rate was calculated according to the released SRF amount compared
to the total SRF amount. Figure 6 shows the release profile of SRF from SLN A8 loaded
with 0.8 or 1.0 % w/v and SRF-suspension in vifro. Interestingly, SLN A8 at both
concentrations provided a controlled prolonged release of the encapsulated drug, with less
than 25% of SRF released after 72 h (Figure 6). The slow release may be attributed to the
good encapsulation and surface coating by the lipid layer [54,57]. These results are
encouraging for the potential ophthalmic application and in accordance with previous
findings not only related to lipid nanoparticles [58—60] but also reported for polymeric
nanoparticles, which have been demonstrated to provide sustained release for up to 50 days

when injected intravitreally in rabbits [61].
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Figure 6. In vitro release profiles of Sorafenib (SRF) from SLN A8 loaded with 0.8% or 1.0% w/v, compared
to free drug suspension 1%, w/v (mean + SD, n = 3).

7.4 Conclusions

The results obtained in our study demonstrated that SLN prepared using Softisan as solid
lipid represents a promising strategy for the topical delivery of Sorafenib in the potential
treatment of uveal melanoma due to the presence of small-sized nanoparticles,
characterised by stability over time, good cytocompatibility, and high mucoadhesive

properties. The developed strategy opens the perspective of the potential ophthalmic
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treatment of a disease that, to date, is mainly treated with systemic therapies or specific
treatments directed to the liver, with a consequently positive impact on patient compliance.
However, further studies need to be developed to deepen the potentiality of SRF-loaded
SLN AS8-DB, with particular attention on the possibility of obtaining a final freeze-dried
product to be investigated in terms of stability, in vitro release, in vitro biocompatibility on

SIRC, and effectiveness on a model of uveal melanoma.
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Figure SI: Intensity correlation functions of light scattered at 90° and hydrodynamic radius distribution by
intensity of SLN prepared with different amount of Softisan (A5, A7, A8 and A9) or Suppocire (B5, B7, B8
and B9).

Table S1: Mean particles size (Z-Ave, [nm]) and polydispersity index (PDI, [a.u.]) + standard deviation (SD)
of unloaded SLN A8, B8 and B9 stored in Turbiscan® at 25.0 + 1.0 °C and analysed at different time
intervals. Each value is the average of six different replicates + standard deviation (SD). * Significance for p <
0.05, compared to the initial value.

Sample A8 B8 B9
1 week 135.1+1.15 71.60+1.12 125.5+3.11
Zave = S.D. 2 weeks 1358+ 1.7 108.4+0.4 145.6 £ 1.8
(nm) 3 weeks 138.7+0.4 183.1 +1.4" 129.1+14
4 weeks 136.5+2.9 287.4+13" 156.1+0.8
1 week 0.124 £ 0.023 0.123+0.013 0.111+0.025
PDI£S.D. 2 weeks 0.131+0.014 0.226 +0.01 1* 0.119+0.009
3 weeks 0.090 + 0.021 0.378 £ 0.003 0.106+0.014
4 weeks 0.057 +£0.047 0.370 + 0.004" 0.091 £ 0.022
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Abstract: Among the eye tumors, uveal melanoma is one of the most diffuse and
aggressive, affecting mainly the choroid, but also the ciliary body and the iris. Promising

pharmaceutical therapies involve histone deacetylase inhibitors and sigma-ligands: these
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targets were combined in a new-synthetized prodrug, namely (+)-MRIJF22, which
demonstrated to perform antiangiogenic activity, as well as its (R)- and (S)-enantiomers.
Since this cancer mainly occurs in the posterior segment of the eye, the therapeutical use
of this prodrug is limited by the presence of ocular barriers. Herein, lipid nanoparticles
were selected for their potential ophthalmic application to encapsulate (+)-MRJF22
prodrug and its (R)- and (S)-enantiomers. The prepared nanoparticles demonstrated to be
suitable for the intended ophthalmic administration in terms of size, homogeneity, zeta
potential, pH and osmolality. DSC and FTIR analyses were performed on the formulations,
and their long-term stability was confirmed by accelerated stability studies. Mucoadhesive
studies suggested a potential good interaction with ocular surface epithelia, thus enhancing
the ocular residence time of the formulations. /n vitro release studies demonstrated a
sustained and prolonged release of the prodrugs loaded in the colloidal suspensions.
Cytocompatibility and proliferation assays were performed on uveal melanoma 92-1 cell
line, confirming the suitability of the formulations and their potential application in the

treatment of uveal melanoma.

Keywords: NLC; Ophthalmic delivery; DSC; Stability; Mucoadhesion; Cell proliferation

8.1 Introduction

Uveal melanoma (UM) is one the most aggressive malignant tumor of the eye, and the most
diffused primary intraocular cancer among adults [1]; the annual incidence is 0.24 per
million among Blacks, 0.9 among Hispanics and 6.3 among Whites, with a prevalence for
men, who develop bigger tumors. UM occurs in choroid for about 90%, in the ciliary body
for 7% and in the iris for 3% [2]. One of the earliest symptoms is blurred vision, but it could
be diagnosed also in asymptomatic patients through routine controls. Predisposing factors
resulted to be ability to tan, hair color and skin color, BRCAl-associated protein 1
mutation, oculodermal or ocular melanocytosis, choroidal or cutaneous or iris nevus
[1,3,4]. The main criticism associated with this tumor is the great tendency to metastasize:
the involved organs are liver (90% of cases), lungs and soft tissues, where metastases
generally occur in 5 years for 25% of patients and in 10 years for 34%, since the first
tumoral occurrence [5]. The mortality rate is also quite high (80% in one year and 92% in
two years [6]) and is related to liver compromission.

Nowadays, the most successful approaches involve surgery, radiotherapy and also

enucleation for larger melanomas. As pharmaceutical treatments to contrast UM, inhibitors
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of histone deacetylase (HDACi) could be used, since this enzyme is responsible of the
increase of the transcription gene involved in cell growth, resulting in cell cycle
advancement and DNA duplication: the inhibition of histone deacetylase (HDAC), using
HDAC: as valproic acid, induces the death of cancer cells thus reducing tumor development
both in vivo and in vitro [7]. Moreover, sigma receptors are also targeted in the treatment
of UM for their role in cell proliferation and survival: in particular, 6, increases the
secretion of vascular endothelial growth factor (VEGF) and encourages motility [8, 9],
while o, promotes autophagy and apoptosis [10]. Recently, a new synthetized drug was
developed combining valproic acid histone deacetylase inhibition and haloperidol
metabolite II (HP-mlI) antagonism for 6; and agonism for 6, resulting in a prodrug, ()-
MRIJF22 and its enantiomers, with a great potential in the treatment of UM, as emerged
from in vitro studies which ascertained its antiangiogenic activity on Human Retinal
Endothelial Cells (HREC) [9].

Pharmacological treatments find well-known impediments related to the location of the
tumor in the posterior chamber of the eye: the presence of numerous physiological barriers
strongly limits the bioavailability of the drug to the active site (lower than 3—-5% of the
administered dose). In order to overcome these limits, drug delivery systems represent a
promising strategy to reach the inner tissues of the eye, guaranteeing prolonged and
sustained release, capability to achieve the target site and longer permanence which
enhance corneal permeation [11].

Among the various platforms that have been proposed to achieve the inner eye,
nanostructured lipid carrier (NLC) resulted to be very advantageous due to their ability to
encapsulate great amount of encapsulated lipophilic drug, their high stability, the ability to
perform controlled release, their efficiency in ocular delivery [12,13].

Basing on these considerations, this work aimed to the encapsulation of (+)-MRJF22
enantiomers into NLC, intended for ophthalmic application in the treatment of UM.
Racemic mixture and both (R)- and (S)- enantiomers, preliminarily characterized by
Differential Scanning Calorimetry (DSC), were successfully encapsulated into
nanoparticulate systems using phase inversion temperature technique (PIT method), thus
obtaining (M)-NLC, (R)-NLC and (S)-NLC, respectively. NLC were prepared using
surfactant and lipids previously demonstrated to be safe on Statens Seruminstitut Rabbit
Cornea (SIRC) cell line for the ophthalmic drug delivery [14]. Nanosuspensions were
characterized from physico-chemical and technological points of view, measuring pH,
osmolality, but also mean particles size (Z-ave), polydispersity index (PDI) and zeta

potential (ZP) through Photon Correlation Spectroscopy (PCS) analysis. Accelerated
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stability studies in constant climate chamber were also performed following ICH guidelines
Q1A (R2), storing the samples for 6 months at 40 £ 2 °C and 75 + 5% RH. The produced
NLC were characterized through DSC analysis and Fourier-transform infrared (FTIR)
spectroscopy. Preliminary mucoadhesive evaluation of NLC in simulated tear fluid (STF)
was performed up to 4 h to assess their potential interaction with mucin, one of the main
glycoproteins present in the mucus layer adjacent to ocular surface epithelia. Encapsulation
efficiency (EE%) of the prodrug into NLC was measured and in vitro release studies were
performed using Franz-type diffusion cells. Biological studies were performed in vitro on
human uveal melanoma (UM) 92-1 cells to evaluate NLC safety and antiproliferative

activity of enantiomer-loaded NLC.

8.2 Materials and methods

8.2.1 Materials

Kolliphor RH40 was provided by BASF Italia S.p.a. (Cesano Modena, Italy); Oleoyl
Macrogol-6 Glycerides (Labrafil) was a gift from Gattefosse Italia s.r.l. (Milano, Italy);
Hydrogenated Coco-Glycerides (Softisan 100) was bought from IOI Oleo GmbH
(Oleochemicals, 101 group); Isopropyl myristate (IPM) was purchased from Farmalabor
(Canosa di Puglia, Italy); Tris (hydroxymethyl)aminomethane buffer was bought from
Merck (Darmstadt, Germany). (£)-MRJF22, (R)-(+)-MRJF22 and (S)-(—)-MRJF22 were
synthetized by the research group of Prof. Marrazzo, in the Medicinal Chemistry
Laboratory of the Department of Drug and Health Sciences (University of Catania) [9].
Mucin (mucin from porcine stomach type II), NaCl, NaHCO3, CaCl,-2H,0 and KCI were
purchased from Sigma-Aldrich S.rl. (Milan, Italy). Regenerated cellulose membranes
(Spectra/Por CE; Mol. Wet. Cutoff 3500) were supplied by Spectrum (Los Angeles, CA,
USA). Human UM 92-1 cell line was purchased from the Cell Factory-IST (Genova, Italy).
Media and reagents RPMI-1640 medium, fetal bovine serum (FBS), L-glutamine,
penicillin and streptomycin used for cell studies were from Euroclone S.p.A. (Pero, Milan,

Italy). All solvents (LC grade) were from VWR International (Milan, Italy).

8.2.2 Preliminary studies on free prodrugs

8.2.2.1 Differential Scanning Calorimetry on free prodrugs
On a Mettler DSC 12E equipped with a Haake thermocryostat type D8-G, DSC scans of
the three compounds were executed. Data were collected using a Mettler TA89E and FP89

system software and the instrument was calibrated using indium. The control pan was left
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empty. Each sample was scanned at a rate of 5 °C/min for heating and 10 °C/ min for

cooling in the temperature range of 10-200 °C.

8.2.2.2  Stability at PIT method’s temperature

Prodrugs were diluted in a methanol-0.5% diethylamine mixture and put on a heating plate
(68 £ 2 °C) for 5 min, corresponding to the time-exposure to heating of the lipid phase of
NLC where the drugs had been solubilized, thus undergoing the heat treatment required by
PIT technique. The prodrugs’ solutions were then examined through UV—vis
spectrophotometer (UH5300 UV—Visible Double-Beam Spectrophotometer, Hitachi

Europe, Milan, Italy) and compared to the respective reference spectra.

8.2.3 Nanoparticle production

NLC were prepared using the PIT technique [15]. The lipid mixture (Softisan:IPM at a 2:5
wt ratio) was added with the surfactant mixture (7% w/V) [16]. The prodrugs (0.02% w/v)
were added to the lipid phase. The aqueous phase consisted of TRIS buffer (pH 7.4). Both
phases were heated at 68 + 2 °C. Then, the aqueous phase was dropped into the lipid phase,
leading to the formation of blank NLC or loaded formulations (M)-NLC, (R)-NLC and (S)-
NLC, encapsulating (+)-MRJF22, (R)-(+)-MRJF22 and (S)-(—)-MRJF22, respectively.
After mixing on a magnetic plate at room temperature, the samples were vortexed
(Heidolph Reax2000, VWR, Milan, Italy), then kept in the freezer for 15 min and stored at
4 °C.

Each formulation was centrifuged at 13.000 rpm for 90 min at 4 °C using an ultracentrifuge
(SL16R Centrifuge, Thermo Scientific, Rodano, Italy) fitted with a fixed body rotator, in
order to remove the excess of surfactants and the amount of prodrugs that remained non-

encapsulated in the colloidal suspensions.

8.2.4 Physical-chemical and technological characterization of NLC

8.2.4.1 Osmolality and pH

An osmometer (Osmomat 3000, Gonotec, Berlin, Germany) was used to assess the
osmolality of the samples, which was previously calibrated using ultra-purified water and
physiological solution. The pH values of the samples were determined using a pH meter

(Mettler Toledo, Milano, Italy), calibrated using solution with defined pH 4.0, 7.0 and 10.0.

8.2.4.2  Photon Correlation Spectroscopy (PCS)
The produced NLC were characterized by Photon Correlation Spectroscopy (PCS) using a

Zetasizer Nano S90 (Malvern Instruments, Malvern, UK), to evaluate mean particle size
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(Z-ave), polydispersity index (PDI) and zeta potential (ZP). Samples analyses were

performed in triplicate after 1:20 dilution with ultra-purified water.

8.2.4.3  Encapsulation efficiency

The effective amount of the encapsulated prodrug in the lipid matrix of NLC was indirectly
evaluated measuring the amount of prodrug not encapsulated. Each formulation was
centrifuged at 13.000 rpm for 90 min at 4 °C. The obtained supernatants, separated from
the resulting pellet, were diluted in methanol-0.5% diethylamine mixture (1:5 v/v) and
centrifuged at 13.000 rpm for 30 min at 4 °C. The supernatants were analyzed using a UV—
vis spectrophotometer. The encapsulation efficiency (EE %) was calculated using the

following equation:

EE% = amount of prodrug entrapped/total amount of prodrug used % 100.

8.2.4.4 Accelerated stability studies

Accelerated stability studies of blank and loaded formulations were conducted as described
in ICH guidelines Q1A (R2) by incubating the prepared formulations at accelerated
conditions (40 £ 2 °C temperature and 75 + 5% RH) for 6 months in constant climatic
chamber (BINDER GmbH, KBF-S 115 E6, Tuttlingen, Germany). The stability was
measured in terms of mean particle size and PDI. The effect of temperature and humidity

was observed at specific time-points: 0, 1, 2, 3, 4, 5, and 6 months.

8.2.4.5 Dynamic scanning calorimetry

In order to investigate the influence of the preparation method on the selected prodrug-
loaded NLC, DSC was performed on NLC, (M)-NLC, (R)-NLC, (S)-NLC and on raw
materials — such as Kolliphor and Softisan — with the equipment described in Paragraph
9.2.2.1. The control pan was left empty. Each sample was scanned at a rate of 5 °C/min for

heating and 10 °C/min for cooling in the temperature range of 10-130 °C.

8.2.4.6  Fourier-transform infrared (FTIR) spectroscopy

The IR spectra of nanoparticles raw materials, prodrugs and NLC formulations were
recorded in KBr disks, after solubilization in dichloromethane, on a FTIR spectrometer
(PerkinElmer Spectrum RX I, Waltham, MA, USA) equipped with a diamond window and
a zinc selenide crystal (diamond/ZnSe) and an attenuated total reflectance (ATR)

accessory.

8.2.4.7 Mucoadhesive studies
Two different in vitro methods were performed in order to assess the mucoadhesive

properties of NLC after incubation with mucin in simulated tear fluid (STF). Briefly, mucin
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(0.1% w/v) was suspended in STF (NaCl 0.68 g, NaHCOs 0.22 g, CaCl,-2H,O 0.008 g,
KCl 0.14 g, and distilled deionized water to 100 mL) and stirred overnight to allow its
complete dispersion. The interaction between each NLC and mucin was determined by
mixing mucin dispersion and NLC (1:1 v/v) for 15 min at 25 °C and after incubation at 37
°C up to 4 h by turbidimetric assay and mucin particle method. In particular, turbidimetric
measurements were evaluated comparing the absorbances at 650 nm by UV-vis
spectrophotometer of the native mucin and each NLC-mucin dispersion after 0, 1, 2, 3 and
4 h of incubation. Mucin particle method was performed by measuring the change in NLC
particles size and zeta potential after incubation with mucin at the same time points, to

estimate the extent of their mucoadhesive property.

8.2.4.8 Invitro drug release

Franz-type diffusion cells (LGA, Berkeley, CA, USA) were used to assess molecules’
release profiles from free prodrugs solutions and from prodrug-loaded NLC formulations.
Before being installed in Franz cells, 0.75 cm® of regenerated cellulose membranes
(Spectra/Por CE; Mol. Weight Cut-off 3.5 kDa) were moistened for 24 h in the same
medium used in the receptor compartment (4.5 mL), which was a 50:50 v/v combination
of tris(hydroxymethyl)aminomethane buffer (TRIS pH 7.4) and methanol-0.5%
diethylamine, thermoset at 35 °C and stirred at 600 rpm. The donor compartments were
then filled with 500 pL of each sample’s pellet. At planned time intervals (from T = 0-24
h), 500 pL of receptor medium was withdrawn and replaced with an equivalent volume of
medium equilibrated to 35 °C to guarantee pseudo-sink conditions. To evaluate the drug
content, each sample was twofold diluted with medium and examined using a UV—vis
spectrophotometer. Racemic mixture released from (M)-NLC was analyzed at both the
absorption wavelengths typical of the enantiomers (4 222.0 nm for the (S)-enantiomer and

A 224.0 nm for the (R)-enantiomer), and the mean release value was calculated.

8.2.5 Invitro cell studies

8.2.5.1 Cell cultures

Human UM 92-1 cells were maintained at 37 °C (5% CO3) in RPMI-1640 medium,
containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin and
100 pg/mL streptomycin. Cells were split when subconfluent (70-80% confluence) and

investigated within passages 2-15.
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8.2.5.2  Cytotoxicity and cell proliferation

Cytotoxicity was assessed in confluent UM 92-1 cell monolayers treated for 24 h with the
indicated chemicals. For cell proliferation, 92-1 cells (2.6 x 10%) were seeded in 96-well
plates and grown at optimum culture conditions for 72 h (at a confluence of ~60%). Then,
cells were treated with the indicated compounds for additional 48 h. For both assays, at the
end of treatments cells were fixed (in 4% paraformaldehyde) and stained with crystal violet
solution (1% aqueous solution). Crystal violet staining was evaluated by measuring the
absorbance at 590 nm, after crystal violet extraction with 10% acetic acid (at room
temperature for 10 min), with a microplate reader (Synergy HT, Agilent BioTek, Santa
Clara, CA).

8.2.6 Statistics

Statistical analysis for physical-chemical and technological characterization was performed
by Student’s t-test. For mucoadhesive studies, two-way ANOVA was performed; multiple
comparisons were performed according to Tukey’s multiple comparisons test for the
turbidimetric assay, and for particle mean size and ZP data. For biological studies, results
are shown as mean = SD of three independent experiments performed in quadruplicate;
statistical comparisons were performed by unpaired Student’s t-test; all analyses were done
with GraphPad Prism 8 or 9.3.1 (GraphPad Software, Inc., San Diego, CA, USA). P values

were considered significant at a < 0.05.

8.3 Results and discussion

8.3.1 Preliminary studies on free prodrugs
In order to assess the thermal behaviour of racemic mixture and enantiomers, DSC analysis

was performed.

Figure 1. DSC thermograms of (R)-(+)-MRJF22 (red line), (S)-(—)-MRJF22 (black line) and (+)-MRJF22
(blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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As itis possible to observe in Figure 1, the racemic mixture (£)-MRJF22 (blue line) showed
the presence of a single well-defined peak, with a melting point of about 80 °C. This
behaviour is characteristic of a species which forms racemic solid solutions. The (S)-(—)-
MRIJF22 thermogram resulted to be composed of an asymmetric peak with the main
transition at 82 °C while the curve obtained for (R)-(+)-MRJF22 showed the presence of
main transition at 84 °C with a little enlargement of the curve. The second peak highlighted
in (S)-(—)-MRJF22 profile at 78 °C, could be related to the presence of a residuum from
the synthetic process. Moreover, the presence of the melting point could relate to the
possibility that molecules exist in amorphous state. The difference in melting point values
for the tested molecules is not relevant and could be correlated to same thermotropic
stability [17].

DSC results also suggested the suitability of the PIT method for loading the prodrugs into
NLC, since the operation temperature — which is lower than the melting points of the
compounds — avoids the occurrence of molecule degradation.

To further confirm the suitability of the PIT method, thermal stability studies were
performed by heating the compounds solutions at 68 + 2 °C and analyzing by UV—vis
spectrophotometry. This method was already used by Rizzo and coworkers [ 18], who found
that the formation of degradation compounds or intermediates could affect the UV value
obtained at the selected wavelength. Thus, the spectra obtained after heating were
compared with the ones of reference compounds’ solutions (data not reported). For both
enantiomers it emerged no difference in absorbance at respective characteristic peaks’
wavelengths, thus confirming the stability of the prodrugs at the operative temperatures; on
the other hand, a slight decrease in racemic mixture absorbance was highlighted, suggesting
a possible lower stability of the compound at the operating temperature of PIT technique.
The assessment of the suitability of the operative temperatures allowed to proceed with the
encapsulation of prodrug into NLC using the selected organic solvent free and eco-friendly
lab-scale technique [19], that has been previously reported to produce stable colloidal

systems [20].

8.3.2 Physico-chemical and technological characterization of NLC

Raw materials for nanoparticle preparation were chosen properly to be biocompatible for
ocular administration, thus allowing the interactions with cell membranes and avoiding side
effects [21]. Kolliphor and Labrafil were selected as components of the surfactant mixture
basing on previous studies [22], since they demonstrated to produce particles with adequate
mean diameter and homogeneity, able to guarantee optimal in vitro release profiles.

Furthermore, their biocompatibility at the ocular site was already demonstrated by our
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research group [14]. Surfactants and lipids amounts were evaluated considering previous
findings [16] aiming to reduce surfactant percentage — for tolerability reasons — while
assuring adequate characteristics in terms of particle size.

Considering the intended ocular administration route, pH and osmolality values have to be
modulated in order to fall within the ocular tolerated ranges. In particular, pH values lower
than 4 or higher than 10 induce chemical damage to the eye [23], while values close to the
physiological pH (7.11 + 1.5) are well-tolerated [24]. European Pharmacopoeia and FDA
both require a pH between 6.8 and 7.4 for liquid preparations used for the ocular site [25]
(https://www.fda.gov/media/111063/download accessed on 25th July 2023). Regarding
osmolality, this parameter has to be carefully modulated in order to provide a safe passage
of particles through biological membranes; specifically, the optimal range is the tears one,
between 280 and 300 mOsm/Kg [14], even though the eye is able to tolerate values from
200 to 500 mOsm/Kg (https://www.fda.gov/media/111063/download accessed on 25th
July 2023). Aiming to obtain a good tolerability, TRIS buffer was selected as the aqueous
phase of the colloidal system. Consequently, the prepared samples showed similar pH and
osmolality values (Table 1), falling within the range required for ophthalmic administration
route, thus suggesting a good cellular tolerability, which was further investigated.

As extensively reported in literature, nanoparticle size has an important influence on many
parameters, such as target tolerability, formulation stability, drug distribution, residence
time at the administration site. Considering ophthalmic administration, generally particles
with diameter of 100 nm are actively complement receptor-mediated phagocytized in the
pathway between cornea and conjunctiva, while particles in the 200-300 nm range are
transported into the corneal structure through intracellular routes [26,27]. Apart for the
absorption mechanism, particles smaller than 250 nm are required in order to be suitable
for ophthalmic delivery [28] and a mean particle diameter lower than 200 nm is necessary

in order to guarantee an adequate ocular permeation [29].

Table 1. Physical-chemical and technological characterization of NLC, (M)-NLC, (S)-NLC and (R)-NLC. pH,
osmolality, mean particle size (Z-ave), PDI, zeta potential (ZP), and encapsulation efficiency are reported,
and each value is the mean of three measurements = SD. *p < 0.025.

Osm

Sample  pH=SD (mOsmkg)+ Z3V¢@M=  pprssp ZPmV)E  ppo,+sD
- S.D. SD

NLC 7432012 0257£0019 139.129.693 0229%0.022  -5.63 £ 0.731 /

(M-NLC  728+0.02 0228+0005 146.6=1038 02640055 -413+0.128" 87.55+11.61

(SNLC 736006 0255+0015 14275383 0241+£0.022 684291  57.17+2.29

(R)-NLC  7.36£0.06 0254+0017 150.8+6704 0255+0.017 -6.68=249  68.72%6.56

PCS analysis showed that the produced colloidal systems were composed of small and

homogeneous particles, with a mean particle size lower than 150 nm and a polydispersity
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index (PDI) lower than 0.26 for all formulation, as confirmed by the single and narrow
peak obtained for size distribution, with a slight increase after drug loading. According to
literature, a slight increase in particle size after drug encapsulation was expected because
of the accommodation space required by the active molecule into the nanoparticle [30] and
due to changes in the interfacial tension or viscosity induced by the presence of the active
molecule causing inefficient particle size reduction [31]. The addition of the prodrug did
not significantly modify NLC Z-ave (p < 0.025). The optimal values of correlation
coefficient (Supplementary Figure 1), obtained for all measurements, confirmed the results
of the analyses. We also evaluated the ZP, a parameter that describes the particles’ surface
charge, which is responsible of the physical stability of the colloidal system. The almost
neutral ZP values which were obtained for all formulations suggest the possible occurrence
of physical instability, since ZP values between —25 mV and 25 mV are not able to
guarantee long term stability due to insufficient nanoparticles repulsion, causing potential
aggregational phenomena [16]. On the other hand, mean particle dimensions obtained for
all the samples suggest a possible prevention of thermodynamical instability caused by
Ostwald ripening [32]. Considering these hypotheses, it resulted necessary to perform
further evaluations of samples’ physical stability. Accelerated stability studies were
performed following the ICH guidelines Q1A (R2), by storing the samples for 6 months
under the effect of high temperature and humidity, thus allowing the prediction of
formulations’ behavior at room temperature for 1 year [33]. At each time point (0, 1, 2, 3,
4, 5 and 6 months), Z-ave and PDI were measured and compared (Figure 2). Data obtained

from TO analysis were considered the referring values for the #-test statistical analysis.
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Figure 2. Effect of accelerated (40 + 2 °C and 75 + 5% RH) storage conditions on mean particle size and PDI
of NLC, (M)-NLC, (R)-NLC and (S)-NLC. Each value is the mean of three analysis =£SD. “p<0.001;
*p<0.0025; **p<0.005; ***p<0.01.
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As highlighted in Figure 2, all NLC showed a good physical long-term stability. This result
could be attributable to the presence of the mixture of surfactant and co-surfactant, which
provides a high stabilization of particles’ surface [34]. In particular, (S)-NLC was the most
stable sample, with particle size remaining almost unchanged during the whole storage time
and showing only one significant variation in particle size after 2 months, with the lower
tabulated t-value (p < 0.0025). Similarly, (M)-NLC was stable with significant variation (p
< 0.005) in particle size after 4 and 5 months of storage at accelerated conditions, while
(R)-NLC showed a significant variation (p < 0.01) in particle size at all analyzed time
points. Even if a certain significant decrease in particle size was observed, all NLC
maintained features adequate for the ophthalmic application, therefore these samples could
be proposed for a storage at room temperature during industrial production and distribution.
In Table 1 it is also possible to observe encapsulation efficiency values (EE%), which
resulted to be higher for the racemic mixture in (M)-NLC compared to enantiomers, with
(R)-enantiomer having a 10% higher EE% compared to (S)-enantiomer, which could be
attributed to a different arrangement of each prodrug with the other NLC components.

In Figure 3 are reported the thermograms of unloaded and prodrug-loaded NLC. The lower
melting temperatures and broader endothermic peaks presented by all NLC formulations
indicated a less ordered crystalline structure compared to the single raw materials, as well
described by values reported in Table 2. The absence of the peak related to prodrug in the
loaded NLC demonstrated the successful incorporation of the molecules into the core of

the nanoparticles [15,35].
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Fig 3. Thermograms of NLC (black line), (M)-NLC (red line), (R)- NLC (blue line) and (S)-NLC (green line).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

170



Cimino, et al., Journal of Drug Delivery Science and Technology 2023, 87, 104811

Table 2. Thermal properties of raw materials and of NLC, (M)-NLC, (R)-NLC and (S)-NLC.
Tmelting/°C (first peak) Tmelting/°C (second peak)  Tueling/°C (third peak)

Kolliphor RH40 31.07 344
Softisan 100 32.34 38.72
NLC 22.62 30.63 145.56
(M)-NLC 23.03 29.70 145.14
(S)-NLC 22.29 32.55 145.48
(R)-NLC 22.86 31.45 145.95

FT-IR analysis was performed aiming to qualitatively identify the main functional groups
of the materials (Supplementary Figure 2) and NLC formulations, in order to highlight the
occurrence of potential chemical interactions during nanoparticles’ preparation, but also to
assess the encapsulation of prodrugs into NLC [36].

Comparing the spectra of the loaded-NLC to the respective free prodrugs (Figure 4-A,B,C),
it is possible to highlight their successful encapsulation into the nanocarrier since some of
the characteristic peaks of free molecules were not visible in loaded-NLC spectra, as the

one at about 1650 cm™' (C=C typical of conjugated alkene).
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Figure 4. FT-IR curves of (+)-MRJF22 and (M)-NLC (A); (R)-(+)-MRJF22 and (R)-NLC (B); (S)-(-)-
MRJF22 and (S)-NLC (C); and comparison between all the produced nanosystems (D).

The spectra of blank NLC and loaded-NLC (Figure 4-D) were very similar with the

presence of characteristic peaks in all the obtained analysis. The peak at about 3440 cm™'

could be referrable at N-H stretching of I or II amines, that were present in the surfactant

Kolliphor, or to O—H stretching of alcohols, typical of the co-surfactant Labrafil. The peak

atabout 2920 cm ™' is shown in all NLC formulations but also in the spectra of raw materials

(Supplementary Figure 2), being relatable to C—H stretching of alkanes (largely present in
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Labrafil, in the solid lipid Softisan and in the liquid lipid IPM) and to O-H stretching of
intramolecular alcohols or of carboxylic acids (present in Labrafil). Peaks at about 1730
cm ' were referrable to C=0 stretching of esters, as in IPM structure. At lower wavelengths,
in all the spectra was detected some noise, even if it is possible to identify peaks at about
1450 cm ™! attributable to C—H bending of alkane methyl groups (largely present in almost
all the used materials) and at about 1100 cm ™' referrable to C—O stretching of aliphatic
esters (of Labrafil and Kolliphor, as confirmed by their individual spectra in Supplementary
Figure 2), but also referrable to C—F stretching (Kolliphor).

This qualitative FT-IR analysis confirmed the successful prodrugs encapsulation into
nanoparticles; moreover, the absence of new peaks suggests that the interaction between
prodrugs and excipients didn’t produce new bonds, thus the active molecules were
physically entrapped into the nanoparticles without modification of their main structure
and potential activity [37].

In vitro release of (£)-MRJF22, (R)-(+)-MRJF22 and (S)-(—)-MRJF22 respectively from
(M)-NLC, (R)-NLC and (S)-NLC was assessed using Franz-type diffusion cells (Figure 5)
and compared with free prodrug release.

As expected, all prodrugs’ solutions (Figure 5-A) showed an immediate release, with both
enantiomers achieving 100% of drug released in 3 h, while racemic mixture was completely
released in 5 h from the beginning of the experiment. As aimed, release profiles of loaded-
NLC (Figure 5-B) were very different compared to prodrugs’ solutions, showing a slow
and prolonged release for 24 h. In particular, (M)-NLC showed an initial 5% of drug
released, which remained basically unchanged throughout the experiment, despite racemic
mixture showed the highest EE% (87.55%) among the loaded-NLC. On the other hand,
(8)-NLC showed an initial 10% of active molecule immediately released, reaching less than
30% at 24 h. Similarly, (R)-NLC showed a 13% of prodrug released at TO, followed by a
sustained release which reached almost 65% after 24 h from the beginning of the
experiment. It is interesting to note that the release behaviours of the two enantiomers are
analogue, but with a higher amplitude of (R)-enantiomer compared to (S)-enantiomer. The
different release at 24 h could be referred to the different EE% values measured for (R)-
NLC and (S)-NLC, which were respectively 68.72% and 57.17% and to a different
accommodation of the prodrugs into the lipid matrix.

According to literature finding [38,39], NLC provided a 10% of drug release at TO
suggesting the presence of a drug-rich region on the surfactants layer [40]. All formulations

were able to provide a slow and prolonged release for 24 h.

172



Cimino, et al., Journal of Drug Delivery Science and Technology 2023, 87, 104811

A) A(RHH)-MRIF22  @(S}-{-)MRIF22 o (£)-MRIF22

L} L} & a -} -}

=]

4(R)}-NLC ©(S)-NLC  (M)-NLC

B)

o112 13 14 15 16 17 18 19 2 M 2 23 M
Time (h)

Figure 5. In vitro release profiles of free prodrugs solutions (A) and prodrug-loaded NLC (B) in 50:50
mixture of tris(hydroxymethyl)aminomethane buffer (TRIS) and methanol-0.5% diethylamine at 35 °C. Each
point represents the mean value of three different experiments + S.D.

The obtained release profiles resulted in agreements with previous findings on similar NLC
systems developed by our research group [19], which provided a sustained and prolonged
release of ferulic acid until 48 h from the beginning of the experiment. This behaviour also
reflects other literature findings demonstrating that nanoparticles with diameters lower than
200 nm generally provide a burst release followed by a gradual release, while smaller ones
usually provide a sustained release [38,39]. Furthermore, it was also reported that the
release of the drug from the matrix is related to surfactant/lipid ratio, since increasing
surfactant amounts caused a higher encapsulation of drug but also a decrease in its release
rate [41]. The relation between higher encapsulation efficiency and lower release could
justify (M)-NLC behaviour. Because of its low release, (M)-NLC was not further
investigated.

In order to assess the potential application of NLC for ocular delivery, mucoadhesive
evaluation was considered, since one of the main limitations of ophthalmic formulations is
the low drug residence time on ocular surface that impairs its bioavailability. After topical
instillation, the first and outermost barrier of the eye is the tear film on the ocular surface,
which contains mucin, high-molecular weight glycoproteins with a protein backbone and a
high carbohydrate content that contribute to the ocular mucus layer [42]. The mucus
component of the tear film is currently explored as a target for drug delivery systems to

deliver drugs topically to the anterior and posterior eye segments. Taking into account these
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considerations, we evaluated the potential interaction of NLC suspensions with mucin in
STF after incubation at physiological temperature.

As showed in Figure 6, turbidimetric assay revealed the adsorption of mucin on NLC
particles surface (NLC-muc, (R)-NLC-muc and (S)-NLC-muc), which was detected as an
increase of UV absorbance compared to that of the native glycoprotein at all time point
considered. The significant increase of UV absorbance is the result of aggregation
processes [43] that suggests the occurrence of interactions phenomena between each

particles suspension and the glycoprotein in STF.

10 = . muc NLC-muc (R)-NLC-muc (8)-NLC-muc

Absorbance (650 nm)

Time (hours)
Figure 6. In vitro assessment of samples/mucin interactions at different time points (0, 1, 2, 3 and 4 h) by

sk

turbidimetric assay at 650 nm. Significance was setas =~ p<0.0001 for all samples vs mucin.

These findings were furtherly confirmed by mucin particle method assay. As showed in
Figure 7, all samples suffered a significant variation in particles size and zeta potential after
incubation with mucin confirming the occurrence of interactions [14]. The entity of
interaction seems to be more evident starting from 2 h of incubation (Figure 7-A) and no
difference can be detected among NLC samples (Figure 7), suggesting that the
mucoadhesion has to be attributed to the carrier itself and does not depends on the
encapsulated drug; this result suggests that the presence of the drug being conveyed into
the particles did not affect the interaction of the system with mucin. All samples maintained
their homogeneity even in the presence of mucin, as revealed by PDI values < 0.3 at all

time points (data not reported).
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Figure 7. Zeta potential (ZP) values (A) and mean particle size (Z-ave) values (B) of samples (NLC, (R)-
NLC and (S)-NLC) before 0 and after 1, 2, 3 and 4h of incubation with mucin (NLC-muc, (R)-NLC-muc and
(S)-NLC-muc) at 37 °C. Significance was set as “p<0.01; ****p<0.0001 for ZP; and as “p<0.05; **p<0.01;
"p<0.001; ****p<0.0001 for Z-ave.
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Interaction occurring at mucin/formulation interface is a complex process that involves
different mechanisms, such as that proposed by the wetting; electronic; adsorption;
fracture; mechanical; and diffusion interlocking theories [44]. Here, the interaction was
probably the result of hydrogen bonds and van der Waals interaction due to the adsorption
mechanism or due to the diffusion mechanism which is governed by time and concentration
gradient. Following diffusion, sufficient interpenetration depth and chain entanglements
induce semi-permanent mucoadhesive bond formation [45]. However, mucoadhesion is
based on the contact between the instilled formulation at the mucous surface, and the
interpenetration into the mucosal layer that consolidate the formed interfacial interactions.
This second phase known as “consolidation stage” is crucial for formulations undergoing

higher physical stresses, such as ocular administration, since it assures the entity of their
binding [46].

8.3.3 Invitro cell studies

Pharmacological effects of (R)-NLC and (S)-NLC were examined in human UM 92-1 cells
by crystal violet staining.
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Figure 8. Effects of anticancer prodrug-loaded NLC on UM cells. (A) Cytotoxicity in human 92-1 UM cells

after 24 h treatment with unloaded NLC. *p<0.05 vs CTR by unpaired Student’s t-test. (B-C) Dose-response

curves of inhibition of proliferation by the indicated compounds. Data represent % of proliferation compared

to the vehicle control (DMSO). “p<0.05; “*p<0.01 vs (R)-(+)-MRIF22 or (S)-(—)-MRJF22; #p<0.5; #p<0.01
vs NLC by unpaired Student’s t-test. CTR, vehicle control DMSO.

Concentration [pM] Concentration [Log nM]

First, non-specific cytotoxicity by NLC was checked, demonstrating that unloaded NLC
does not cause overt toxicity to UM cells below 5 uM concentrations (Figure 8-A). Then,
dose-response curves were carried out to investigate antiproliferative actions by loaded or
unloaded NLC and free bioactive compounds (Figure 8-B,C). Compared to the respective
blank NLC or free compound, both (R)-NLC (Figure 8-B) and (S)-NLC (Figure 8-C)
induced a shift to the left of antiproliferative curves in UM 92-1 cells, indicating
potentiation of (R)-(+)-MRJF22 and (S)-(—)-MRJF22 anticancer effects by NLC with

significant extents starting at submicromolar concentrations.
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Table 3. Statistical analysis of effects on UM cell proliferation by the indicate compounds. “p<0.05; **p<0.01;
“*p<0.001 vs the vehicle control DMSO by unpaired Student’s t-test; ns, not significant.

Dose (uM) NLC (R)-(H)-MRJF22 (R)-NLC (S)-(-)-MRJF22 (S)-NLC
0.1 ns ns ns ns ns
0.3 ns ns ns ns *k
0.8 ns ns ** ns **

1 ns ns oo ns ol
3 * * kskk kk kskk
5 *sk kk kskk kk kskk

Accordingly, prodrug-loaded NLC significantly inhibited UM cell proliferation at
concentrations as low as 0.3 uM for (S)-NLC or 0.8 uM for (R)-NLC, compared to the
vehicle control (Table 3). In contrast, blank NLC or each bioactive compound alone exerted
significant antiproliferation only at >3 pM ranges (Table 3).

Moreover, estimations of inhibitory concentrations inducing 50% anticancer effects (IC50)
confirmed that compounds delivered to cells with NLC exhibited significantly superior
antiproliferative potencies than corresponding free drugs or unloaded nanocarriers, with a
~3- or 4-fold increased anticancer activity for (R)-NLC and (S)-NLC, respectively (Table
4).

Finally, compared to (R)-NLC, the nanoformulation (S)-NLC exhibited higher
antiproliferative potency (Figure 8 and Table 4), despite less favorable drug encapsulation
efficiency (Table 1) and release dynamics (Figure 5-B). In contrast, the free prodrugs were
almost identical in inhibiting UM cell proliferation (Table 4), confirming previous findings
[9]. Since (S)-NLC particles exhibit smaller diameter sizes than (R)-NLC (Table 1), it could
be possible that (S)-NLC nanocarrier dimensions provide superior cell permeation
capabilities [29], associated with enhanced drug concentrations at pharmacological sites of

action.

Table 4. 1Cso of NLC, (R)-NLC, (S)-NLC, (R)-(+)-MRIJF22 and (S)-(—)-MRJF22 on UM 92-1 cell
proliferation. Data are expressed as mean + SD. "p<0.01 vs (R)-(+)-MRJF22; $p<0.5 vs NLC, and #*p<0.001
vs (S)-(-)-MRJF22 by one-tailed, unpaired Student’s t-test.

Sample ICso (uM)
NLC 6.96 +2.96
(R)-NLC 2.29 +0.69%5
(8)-NLC 1.57 + 0.22%5
(R)-(+)-MRJF22 6.45+2.77
(5)-(-)-MRJF22 6.72 +0.53

Collectively, the presented data indicate that the proposed nanostructured lipid carrier
systems represent molecular facilitator tools for (R)-(+)-MRJF22 and (S)-(—)-MRJF22
anticancer pharmacology in UM 92-1 cells, probably reflecting an enhanced compound
passage across cell plasma membranes and drug delivery to intracellular targets. It was
already demonstrated the higher potency of (S)-(—)-MRJF22 — compared to racemic

mixture and (R)-enantiomer — in reducing cell proliferation on UM 92-1 cells [9], probably
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related to the inhibition of HDAC, and this activity could be additive to the intrinsic
antiproliferative property of the NLC itself, resulting in a potential dual function-dual target
platform as a novel therapeutic strategy for UM patients [9]. In particular, dual function,
dual target (S)-(—)-MRJF22 loaded into NLC might provide a novel therapeutic strategy

for UM patients with optimal antitumor activity.

8.4 Conclusions

The new synthetized prodrugs — both in form of racemic mixture and single enantiomers —
were successfully encapsulated into lipid nanoparticles with adequate features for the
intended ocular administration. Moreover, (S)-enantiomer loaded-NLC showed a higher in
vitro antiproliferative activity, thus representing a safe and potentially efficient platform to
be used as adjuvant in the treatment of uveal melanoma. Further studies are still ongoing

to assess the NLC behavior after in vivo ocular administration.
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Abstract: The greatest challenge associated with topical drug delivery for the treatment of
diseases affecting the posterior segment of the eye is to overcome the poor bioavailability
of the carried molecules. Nanomedicine offers the possibility to overcome obstacles related
to physiological mechanisms and ocular barriers by exploiting different ocular routes.
Functionalization of nanosystems by fluorescent probes could be a useful strategy to
understand the pathway taken by nanocarriers into the ocular globe and to improve the
desired targeting accuracy. The application of fluorescence to decorate nanocarrier surfaces
or the encapsulation of fluorophore molecules makes the nanosystems a light probe useful
in the landscape of diagnostics and theranostics. In this review, a state of the art on ocular
routes of administration is reported, with a focus on pathways undertaken after topical
application. Numerous studies are reported in the first section, confirming that the use of
fluorescent within nanoparticles is already spread for tracking and biodistribution studies.
The first section presents fluorescent molecules used for tracking nanosystems’ cellular

internalization and permeation of ocular tissues; discussions on the classification of
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nanosystems according to their nature (lipid-based, polymer-based, metallic-based and
protein-based) follows. The following sections are dedicated to diagnostic and theranostic
uses, respectively, which represent an innovation in the ocular field obtained by combining
dual goals in a single administration system. For its great potential, this application of
fluorescent nanoparticles would experience a great development in the near future. Finally,
a brief overview is dedicated to the use of fluorescent markers in clinical trials and the

market in the ocular field.

Keywords: nanotechnology; fluorescence; ocular delivery; probes; diagnostics; PKs

9.1 Introduction

In recent years, vision-related problems have acquired a greater relevance due to the ageing
of the world’s population, which leads to an increase in visual problems, such as cataracts,
glaucoma, age-related macular degeneration and diabetic retinopathy, occurring more
frequently among over-60s [1,2]. Many visual diseases are associated with
neurodegenerative disorders [3,4]. Young people over the age of 18 also suffer from visual
problems, which increase especially with the growing use of electronic devices [5]. The
rising number of people with vision impairment leads to a greater interest in dedicated care
and treatments. This situation increases the costs in the global economy destined for the
care of these disorders [6]. In addition, ocular therapy is a serious challenge because of the
difficulty in targeting a drug to the appropriate ocular tissues.

In this landscape, technological research is actively involved, with the aim of developing
innovative systems for targeted drug delivery [7]. The eye is a very complex structure, both
anatomically and physiologically, and the treatment of pathologies affecting this organ is
therefore not simple [8—10]. This is related to the various aspects that limit the
transportation of drugs to the target site: anatomical barriers, physiological processes,
mechanisms and metabolic aspects [11,12]. Reaching the target becomes more complicated
if therapy is addressed to the posterior segment of the eye [13—16]. For this purpose, the
major administration route remains intravitreal injection, which is invasive and produces
undesirable effects such as pain and discomfort, inducing patient noncompliance [17,18].
The preferred route of administration would undoubtedly be the topical one, but
conventionally it is used to treat diseases of the anterior eye. In fact, it is estimated that
only a very small percentage of the drug instilled in the eye surface reaches the anterior

chamber (around 5%) and even less in the posterior segment [19-21].
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Nanotechnology represents a field of recent interest to overcome these issues. One potential
strategy for improving drug delivery to the different eye tissues uses nanocarriers with
specific size and surface properties, designed to ensure successful achievement of the drug
to the target tissue, as well as the potential for a controlled release of the loaded drug,
reducing the frequency of treatment and improving the retention time on the corneal surface
[22-24]. Currently, the most widely studied nanosystems are used in the treatment of
anterior eye diseases such as cataracts [25], glaucoma [26], dry eye syndrome [27], keratitis
[28], conjunctivitis [29] and uveitis [30], but also posterior eye diseases such as retinitis
[31], macular degeneration [32], endophthalmitis [33] and ocular tumors [34]. Suitable
drug nanocarriers possess a mean size in the nanometric range (around 200 nm) and are
classified according to their structural composition and the materials used, which must be
biodegradable and biocompatible [35,36]. Many reviews focus on the development of
nanosystems designed for ocular delivery, but none on the ophthalmic use of fluorescent
nanocarriers. It is not certain that after their administration, the drug effectively reaches the
target site; therefore, during its design, tracking studies are necessary to demonstrate its
distribution and positioning.

One possible strategy is to follow the nanosystem movements using a fluorescent probe.
Fluorescence is a simple and non-invasive way to track the drug through the eye tissues,
and it is also widely used in diagnostics to visualize diseased tissues, lesions and
pathological markers. The development of personalized medicine and the need for early
intervention in the diagnosis and treatment of specific diseases have promoted the birth and
development of a new discipline: theranostics [37]. It can be defined as the combination of
diagnostics with a specific therapeutic treatment. /n vifro diagnostics and prognostics, in
vivo molecular imaging, molecular therapeutics, image-guided therapy, biosensors,
nanobiosensors and bioelectronics, system biology and translational medicine and point-
of-care are some recent application examples.

This review deals with the use of fluorescent probes in the last 5 years applied to
nanomedicine in the ophthalmic field. The aim is to illustrate state-of-the-art fluorescent
nanosystems divided according to their application: fluorescent nanosystems for
biodistribution studies to clarify the best performing nanoparticle design and delivery
strategies able to address specific ocular diseases, for diagnostics and finally, for the
emerging field of theranostics. PubMed database was used to perform an advanced search.
The time frame included the range from January 2017 to February 2022. The keywords
used were “fluorescence”, “nanoparticles”, “ocular” and “delivery”, “theranostics”,

“diagnostics”. Articles were limited to “Free full text” and “Full text” articles in the English
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language published in journals with an impactor factor not less than 4. The same process
was repeated on ScienceDirect database. Reference lists of articles were also reviewed for

additional citations.

9.1.1 General Aspect of the Human Eye

The eyeball consists of three chambers: anterior, posterior (containing the aqueous humor)
and the vitreous chamber (containing the vitreous body). The wall is composed of three
tunics [8,38]. The first, called external, is composed anteriorly of the cornea and for the
remaining part of the sclera. The middle tunic (uvea) is richly vascularized and pigmented
and includes the iris, the ciliary body and the choroid. Finally, the internal or nervous tunic
is represented by the retina [39]. The sclera is anteriorly lined by the conjunctiva. Its
function is to maintain the shape of the bulb and to provide attachment to the tendons of
the striated muscles of the eye [40]. The cornea is a transparent lamina without vessels
(necessary conditions for the passage of light). A cross-section of the corneal tissues is
shown in Figure 1. Under the cornea, there is the iris, a sphincter of pigmented smooth
muscle that regulates pupillary caliber. Trophism in this district is provided by the aqueous
humor [41]. The ciliary body is an ocular anatomical structure responsible for both the
production of aqueous humor and the control of accommodation. The ciliary body is
located immediately posterior to the iris and anterior to the choroid. Posterior to the iris and
in front of the vitreous body is where the crystalline is situated, which transmits and focuses
light onto the retina. It consists of a single layer of epithelial cells that, during fetal
development, migrate laterally toward the equator of the lens where it inverts, elongates,
synthesizes large amounts of specific proteins and finally, degrades organelles so as to
increase transparency [20]. From a physiological perspective, there are two reflexes
involved in vision: lens accommodation (regulates convexity) and pupillary reflex
(regulates pupil caliber). The accommodation allows the focal point to fall always at the
level of the retina, allowing both short- and long-distance vision. Furthermore, the pupillary
reflex regulates the intensity of incoming light. Finally, the transduction of light impulses
at the retinal level into visual images is mediated by photoreceptors which generate nerve
stimuli that reach the contralateral posterior cortex through the optic nerve [42—44]. The
delivery of a drug into the eye tissues is related to two different routes of administration,
which are divided into invasive and non-invasive routes. A list of these routes is shown in

Table 1.
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Table 1. Conventional route of ocular delivery: benefits and limits.

ADMINI-
STRATION
ROUTE

BENEFITS

OCULAR
ANTERIOR /
POSTERIOR

TARGET

LIMITS

References

Oral

Non-invasive.
Increased compliance.

Difficult achievement of the anterior

and posterior tracts of the eye.

Possible degradation by digestive

fluids.

Possible low absorption and Potentially
bioavailability. both
Hepatic first-pass metabolism.

Presence of anatomical barriers (blood-

aqueous barrier and the blood-retinal

barrier).

[45-48]

Systemic
(Intravenous and
intramuscular)

Avoided first-pass
metabolism.

Difficult achievement of the anterior
or posterior segment of the eye.

Lower compliance.

Presence of anatomical barriers (blood-
aqueous barrier and the blood-retinal
barrier).

Sterility of the final form

Potentially
both

[48,49]

Parenteral
(Intravitreal,
subretinal,
suprachoroidal,
subconjunctival,
intracameral,
intrascleral, and
intrastromal)

Deposit of the therapeutic
agent in the eye, in some
cases directly at the site of
action.

Increased local
concentration of the drug.
Reduced required dose and
avoided off-target actions.
Bypassing of ocular
epithelium and other barriers,
resulting in increased
bioavailability.

Administration performed by

specialized personnel.

Invasive technique.

Short-term complications, including

retinal damage, endophthalmitis, Posterior
haemorrhage, intraocular

inflammation, and increased

Intraocular Pressure (IOP).

Sterility of the final form

[50-55]

Topical

Over 90% of the ophthalmic
product on the market.

Rapid precorneal elimination of the
drug due to eyelid reflex, tear
drainage, dilution by tears, and
systemic absorption from the
conjunctival sac.

Misapplication of the product to the
ocular surface.

Presence of corneal epithelial barrier.
Narrow barriers at the front and back
of the eye (limit and regulate fluid and
solute uptake).

Complex kinetic processes of
absorption, distribution and
elimination, influenced by physiology,
the physicochemical properties of the Both
drug (lipophilicity, charge, size and
shape of the molecule) and the
formulation (pH, buffer, tonicity,
viscosity, possible presence of
preservatives and stabilizers).
Allowed permeation of small
lipophilic molecules through the
cornea and of larger or hydrophilic
compounds through the conjunctiva
and the sclera.

Achievement of the anterior segment
for only 1% of the administered dose
segment, and an even smaller
percentage to the posterior segment.
Sterility of the final form

[56-64]
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Figure 1. Cross-section of corneal tissues: barriers to drug penetration after topical instillation.

The corneal epithelium and endothelium (lipophilic in nature) consist of cells connected by
tight junctions that limit the passage of large molecules (Figure 1). The hydrophilic stroma
consists of tightly packed collagen. The epithelium, however, provides the greatest
resistance to diffusion. The paracellular pathway through the intercellular pores is allowed
for small ionic and hydrophilic molecules of size <350 Da, whereas the transcellular
pathway allows the passage of larger lipophilic molecules. The variations in lipophilicity
of the comeal layers allowed the realization of a parabolic relationship between corneal
permeability and diffusion coefficient. pH is another important factor in corneal
permeability [38]. Many studies that have examined permeability across conjunctiva, tenon
and sclera have shown that the conjunctiva is more permeable to hydrophilic molecules
than the cornea. The greater surface area (in humans, about 17 times bigger than the cornea)
and the presence of larger pore sizes promote increased permeability compared to the
cornea. However, mucus and the presence of lymphatics and vasculature increases systemic
leakage [24,38]. In ocular topical administration, reaching the posterior portion is size-
dependent [65]. Nanocarriers with a diameter of 20200 nm are suitable for retinal-targeted
delivery. Small nanoparticles (20 nm) are able to cross the sclera and are rapidly eliminated
due to periocular circulation. The larger ones (200 nm) do not cross the sclera or the sclera-
choroid-retinal pigment epithelium (RPE) and remain in the periocular site releasing their
contents even for long periods. Even in the case of intravitreal administration, the kinetics
are size-dependent. Nanocarriers with a diameter of 2 um remain in the vitreous cavity or
migrate into the trabeculae. Those with a diameter of less than 200 nm reach the retina [66].
In order to discuss the application of nanosystems in the ocular field, an emergent role is
represented by fluorescent nanosystems. The tailor ability of design, architecture and
photophysical properties has attracted the attention of many research groups, resulting in
numerous reports related to novel nanosensors to analyze a great variety of biological

analytes.
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9.2 Fluorescent Probes in Ocular Applications

Before focusing on the published experimental studies, in this section, a brief discussion
on fluorescence and on the molecules applied in the ocular field is given.

Absorption of a photon from a fluorescent chemical species causes a transition to an excited
state of the same multiplicity (spin) as the fundamental state (S0). In solution, Sn states
(with n > 1) rapidly relax to S1 through nonradiative processes. Ultimately, relaxation from
S1 to SO causes the emission of a photon with an energy lower than the absorbed photon.
The fluorescence quantum yield (¢), one of the most important parameters, provides the
efficiency of the fluorescence process; it is defined as the ratio between the number of

photons emitted to those absorbed.

Number of photons emitted

® = Number of photons absorbed

In Figure 2, we reproduce a brief history of the discovery of the fluorescence phenomenon.
This discovery enabled the development of fluorescent probes that achieve single-molecule
sensitivity. The figure shows that the first observation of a fluorescence phenomenon was
described in 1560 by Bernardino de Sahagun; the same experiment was repeated by Nicolas
Monardes in 1565. The fluorescence of the infusion known as lignum nephriticum was
observed. This phenomenon was caused by the fluorescence of the oxidation product of
one of the flavonoids present in those woods: matlaline. In the middle of the nineteenth
century, George Gabriel Stokes coined the term fluorescence, derived from fluorite. The
knowledge of atomic structure needed to understand and describe the nature of the
phenomenon was not acquired until the beginning of the 20th century. By providing
detailed information, this technique has enormous advantages over classical microscopy
techniques [67]. In fact, literature is plentiful of studies dealing with the design of new
fluorescent probes such as (bio)sensors to detect (even with the naked eye) enzymes,
metals, biomaterials and others. Since 1945, the ability of analytes to promote the opening
of thodamine spirolactams has been exploited to design probes that detect metal ions and
biological targets [68,69]. The pH sensitivity of fluorescein can be used to detect changes
in a specific environment. By controlling the balance of ring-opening and ring-closing,
following the interaction with specific targets, it can be used to detect metal ions from
industrial and commercial specimens [70]. Curcumin is also widely used as a fluorescent
probe for different applications, from producing drug carriers to the realization of specific

sensors for ions and biomolecules [71,72].
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Figure 2. Timeline of the fluorescence discovery.

The following section delineates the family of fluorescent probes reported in reviewed

studies, while Table 2 gathers the probes that are used in the experimental papers cited in

this review.

Table 2. Physico-chemical properties of the main fluorescent probes used in bioimaging.

Mol
. orar Solubility Excitation Fluorescence
Probe Chemical Structure Mass .
1 in Water (nm) (nm)
(g mol™)
N@
|
Coumarin-6 /@(\1%3 35043 Insoluble  488-666 502-649
H,C” N o o
H G)
3"
OCH,
. Ho A o O
Curcumin WA _/\Tr"\vﬁ\/t oo, 368.38 Insoluble 300-470 571
o 0
NZN.‘ ¢ ‘:.; “_,
e 5 .
Cyanine 3- 94421 Insoluble 649 666
phosphoramidite oo o gt
| HyC ! 'CH,
1,1'-dioctadecyl-
ppopnd B o oL
o Ly (I oo 933,87 Low 550 565-588
tetramethylindo- CHyCHCly -
carbocyanine perchlorate
Qg
Fluorescein © 332.31 Insoluble 465-490 494
HO l O I OH
O ONa
376.2
Fluorescein sodium salt (0] 76.27 Soluble 460 512
L0
NaO (0] 0]
HaN o
5-aminofluorescein i 347.32 Soluble 450-490 500-550

0
HOOOH
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Mol
. oar Solubility Excitation Fluorescence
Probe Chemical Structure Mass .
B in Water (nm) (nm)
(g mol™)
HO ! (0] ] OH
Fluorescein-3- e 38938 Insoluble 495 519
isothiocyanate
v,
N=C=5
HO ! 0. . OH
5-(iodoacetamido)
. 0 515.25 Insoluble 492 518
fluorescein 0 O
'\)LN
H
[e] _ o
HO™ & /
5(6)-carboxyfluorescein 0 376.32 Low 495 520
Nile Red 318.37 Insoluble 543-633 550-700
Rhodamine B 479.01 Soluble 488-530 600-633
Rhodamine B 536.08  Insoluble 553 563-650
isothiocyanate
Rhodamine 123 - el 380.82 Low 488 515-575
HoN O 0 NH
Rhodamine 6G 479.01 Soluble 480 530
H3C:©[N\ Cl
Toluidine Blue O HoN s Sy-CHs 305.83 Soluble 595 626

9.2.1 The Coumarins Family

Coumarins have a conjugated double ring system. In the industry, coumarins find
application as cosmetic ingredients, perfumers, food additives and in synthetic
pharmaceuticals. In nature, coumarins are found in a wide variety of plants: tonka bean
(Dipteryx odorata), sweet wood (Galium odoratum), vanilla grass (Anthoxanthum

odoratum) and sweet grass (Hierochloe odorata) [73]. Among the different synthetic
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derivatives, Coumarin-6 (C6) exhibits acid-base properties. In the study of Duong et al., a
membrane with C6 demonstrated to exhibit colorimetric and ratiometric fluorescence
properties with a dynamic pH range between 4.5 and 7.5 (the study uses blue nile in

parallel) [74].

9.2.2 Fluorescein Family

Fluorescein is a xanthene dye with yellowish-green fluorescence. It was firstly synthesized
in 1871 by von Bayer via Friedel’s acylation/cyclodegradation reaction using resorcinol
and phthalic anhydride [75]. It has a rigid tricyclic-coplanar structure with two aryl groups
fused to a pyran ring. It has two distinct structures, an open fluorescent ring in the
carboxylic acid form and a closed non-fluorescent ring in the spirocyclic lactone form. The
open-closed equilibrium in the structure of fluorescein makes it sensitive to the pH of the
medium [76]. Among the amine derivatives of fluorescein, those with one or two NH»
groups in the phthalic residue are of particular interest. The corresponding (di)anions do
not show intense fluorescence unless the amine groups are involved in new covalent bonds.
In alcohols, the quantum yield, ¢, is quite low. In dimethylsulfoxide (DMSO), acetone and
other hydrogen bond donor solvents, ¢ values approach dianionic values [77]. Its sodium
salt form finds wide use in angiography [78,79] and glioma studies [80]. Fluorescein 5(6)-
isothiocyanate has been used for fluorescence labeling of bacteria, exosomes, proteins
(immunofluorescence) and H Protein for gel chromatography. The 5-(iodoacetamido)-
fluorescein is used for the synthesis of fluorescently labeled organelles, proteins, peptides
and enzymes. Finally, the 5(6)-carboxyfluorescein, a fluorescent polyanionic probe, was
used to measure changes in intracellular pH and to highlight processes such as dendrimer

aggregation and absorption [81].

9.2.3 Rhodamine Family

These compounds were discovered in 1887. In the 4-10 pH range, their fluorescence
spectra are unaffected by changes. The typical chemical structure of rhodamines involves
three benzene rings, whose spirocyclic/open-ring conversion results in their off/on
fluorescence [82]. In nonpolar solvents, they exist as spironolactone forms with very low
¢ due to disruption of p-conjugation of the xanthene core. In polar solutions, the lactone
form undergoes charge separation to form a zwitterion [68]. In open-loop forms, rhodamine
dyes exist as ammonium cations that can be driven into mitochondria via MMP (Matrix
MetalloProteinase). A famous example is thodamine 123, which forms the basis of the
Mito-Tracker dye [83]. Lastly, the thodamine 6G is a thodamine analog useful in Pgp (P-

glycoprotein) efflux assays, and it has been used to characterize the kinetics of MRP1
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(multidrug resistance protein 1)- mediated efflux. An in vivo study of rhodamine B-labeled
polymeric nanoparticles was conducted by Bonaccorso et al. to evaluate the distribution in

brain areas after intranasal administration of the formulation [84].

9.2.4 Cyanine Family

Cyanine dyes are among the most widely used families of fluorophores. Cyanine 5 (Cy5)
has five carbon atoms in the bridge. It becomes reversibly photocommutable between a
bright and dark state in the presence of a primary thiol [85]. CyS5 excited by visible light
undergoes thiolation with a thiol anion and transforms into a non-fluorescent thiolated CyS5.
The thiolated Cy5 returns to the light-emitting dethiolated form simply by UV irradiation
[86]. The photophysical properties of organic dyes with rotatable bonds are strongly
governed by their internal rotation in the excited state since rotation can greatly affect
molecular conformation and bond conjugation [87]. In the biological field, it finds use in
comparative genomic hybridization, transcriptomics in proteomics, and RNA localization
[88]. Moreover, Dil is a cyanine-derived dialkyl carbon sensitive to the polarity of the
environment. It is weakly fluorescent in water but highly fluorescent in nonpolar solvents.
It is commonly used as a lipophilic marker for fluorescence microscopy in the biological
field. Dil molecules penetrate in cell membranes with the 2 long alkyl chains (12 carbons)
immersed in the bilayer and the rings parallel to the bilayer surface. The dye emits
characteristic bright red fluorescence when its alkyl chains are incorporated into
membranes making it particularly useful for tracking in the biological membrane [89]. In
the study by Musumeci et al. the 1-1'-dioctadecyl-3,3,3’,3'-tetramethylindotricarbocyanine
iodide dye was used to label polymeric nanoparticles and study their cerebral delivery after

intranasal administration [90].

9.2.5 Nile Red

Nile red is a hydrophobic dye of recent interest in the identification of microplastics [91].
It is widely used in biophysical studies focusing on proteins, lipids and live-cell analysis.
Depending on the environment, Nile Red shows different absorption and fluorescence
spectra. In particular, in organic solvents or nonpolar environments, it shows strong
fluorescence that changes depending on the environment, presenting shifts toward blue

emission in nonpolar environments [92].

9.2.6 Curcumin

Curcumin is the main natural polyphenol found in the rhizome of Curcuma longa

(turmeric) and in others Curcuma spp. Its countless benefits in the treatment of
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inflammatory states, metabolic syndrome, pain and inflammatory-degenerative conditions
of the eyes are related to its antioxidant and anti-inflammatory effects [93]. Theoretical
studies have predicted that its wide absorption band (410 and 430 nm) is due to the n-n*
transition, while the maximum absorption between 389 and 419 nm is related to the keto

and enol form, respectively [67].

9.2.7 Toluidine Blue O
Toluidine blue (TB) is a thiazine-based metachromatic dye. It has a high affinity for acidic

tissue components. This characteristic allows colorimetric identification of DNA- and
RNA-rich tissues [94]. In the ocular field, Navahi et al. performed a study on the use of TB
in the diagnosis of ocular surface squamous neoplasm (OSSN) [95]. In the Su et al. study,
in vivo antibacterial efficacy of TB-mediated photodynamic therapy on bacterial keratitis
by Staphylococcus aureus in a rabbit was demonstrated. This provides a new option for the

clinical treatment of bacterial keratitis [96].

9.3 Fluorescent Nanosystems in Ocular Application

The following section is focused on recently investigated fluorescent nanomaterials and
nanosystems for ocular applications. The reviewed works have been divided according to
the use of such fluorescent nanosystems. Most studies concern the use of probes to assess
nanosystems distribution within the ocular tissues. Among the most investigated
fluorescent nanosystems, there are lipid-based nanocarriers—such as nanostructured lipid
carriers (NLCs) and solid lipid nanoparticles (SLNs), polymeric nanoparticles and
nanocapsules, hybrid nanoparticles, cubosomes, emulsomes, nanoemulsions, niosomes,
liposomes, films, nanomicelles and hydrogels. Fluorescence is introduced through the
methods commonly used to prepare nanosystems [97,98]. The fluorescent nanosystems are
essentially divided into (i) probe-loaded, in which the dye or probe is encapsulated into the
system mostly during the formulation processes, and (ii) labeled/grafted, in which the probe
is covalently bound to the surface of the nanosystem (often linked to some matrix

component, such as polymers or lipids), always forming an adduct (Figure 3).

Loaded
. Drug tracking

Fluorescent . s
probe r '.'. i T
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Theranostics

Figure 3. Schematic structure of fluorescent nanosystems for ocular applications.
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9.3.1 Biodistribution

As above cited, the tissues that compose the eye are many and with different properties.
The difficulty for a nanosystem to reach the target tissue is high, thus the profile of drug
delivery is not always predictable. When the system target is located in deeper ocular
tissues, it is even more difficult to predict the ideal pathways followed by the carriers in
vivo and through the ocular barriers. Tracking the drug after topical administration is
important for several factors. Firstly, it allows for the assessment of the effective
achievement of the target site in order to accomplish the desired therapeutic action. Another
factor to consider is the non-productive distribution of the drug in non-desired tissues,
which could lead to the possible occurrence of side effects in addition to reducing the
effective drug concentration. Furthermore, studying the pathways followed by the
nanosystems is necessary to avoid issues related to barriers, tight junctions and physio-
logical phenomenon (tear flow and blinking) which could impair the routes. Size, surface
charge and morphology of the nanocarriers have a great influence on their biodistribution,
clearance and cellular uptake [99-102]. Before performing biodistribution studies, it is
important to characterize the system and to proceed with in vitro and in vivo assays. For
instance, mean size measurement, zeta potential, mucoadhesion studies, morphological
analyses are, of course, also required to make the system as conformable as possible to a
correct drug release. Tracking of nanosystems can be carried out in two ways, invasive and
non-invasive; bioimaging using fluorescent molecules is a non-invasive method [103,104].
Among the most important characteristics that the nanosystem should have there are small
size, necessary to enter cells for allowing bioimaging, high sensitivity for effective
detection, fast response, compatibility, absence of toxicity, good dispersibility in the
biological environment, highly selective detection in the tissues. In Figure 4, a summary is
gathered of the fluorescent probes used in the studied nanosystems discussed in Sections

3.1-3.3.

13% u Nile Red
Cyanine
10% Coumarins
Fluorescein

13% = Rodamine

Curcumin

= Other

Figure 4. Graphical analysis of the fluorescent probes discussed in this review.
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9.3.1.1 Fluorescent Lipid-Based Nanosystems

Lipid systems are of great interest for drug delivery in ocular tissues; their biocompatible
and biodegradable composition makes them technologically safe, while their lipidic nature
and structural characteristics allow them to pass through the corneal layers and achieve an
efficient drug dosage even in the deepest tissues of the eye. The distribution of these
systems occurs mainly in lipophilic layers, with minimal involvement of the stroma, since
it has hydrophilic nature, and the lipid systems are difficult to distribute there. This was
confirmed in the work of Namprem et al., in which confocal scanning microfluorometer
(CSMF) analysis confirmed poor penetration of NLC labeled with Nile Red in hydrophilic
compartments such as the stroma compared to corneal layers [105]. Due to eye barriers and
obstacles to ocular administration, understanding the path taken by the designed
nanosystem is necessary, especially if it is targeted to the back of the eye. The main route
through which lipid systems reach the deeper tissues is the transcorneal one. There is
growing evidence that successful drug delivery by functionalized nanocarriers depends
largely on their efficient intra/paracellular transport, a process that is not fully understood
yet. Therefore, the development of new imaging and diagnostic techniques is very
important, particularly in a complex biological system such as the eye. Due to its lipophilic
nature, one of the most used dyes for the preparation of fluorescent-lipid nanosystems is
Nile Red (NR) Cubosomes labeled with Nile Red were prepared in the work of El Gendy
et al. to assess the role of nine different lipids as penetration enhancers. The type of lipid
used in the preparation plays an important role in tissue distribution. Among the prepared
lipid systems, fluorescence analysis showed that the combination of oleic acid, Captex®™
8000 and Capmul® MCM improved the penetration of the systems into the mucosa by
increasing diffusivity due to both surfactant properties and the ability to disrupt the
organization of the lipid bilayer [106]. Once again, Nile Red was used in the work of
Kapadia et al. in order to visualize drug-loaded emulsomes. For the physico-chemical
characterization and subsequent analyses, the nanosystems were loaded with triamcinolone
acetonide, while for the studies of precorneal retention and ocular distribution, the
fluorescent dye was loaded instead of the drug. The study revealed that after topical
administration, the pathways taken to reach the back of the eye were basically three: corneal
(via the iris and aqueous humor), conjunctival and systemic. The drug may diffuse through
the sclera by lateral diffusion, followed by penetration of Bruch’s membrane and retinal
pigment epithelium (RPE). To a lesser extent, the drug may be absorbed into the systemic
circulation either through the conjunctival vessels and the nasolacrimal duct, and gain

systemic access to the retinal vessel [107]. Another lipophilic Dil dye (1,1-dioctadecyl-
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3.3,3 tetramethyl indocarbocyanine perchlorate) was used to label lipid nanocapsules
(LNCs) fluorescently. An important finding was made in the study by Eldesouky et al.,
where, despite the lipophilic nature of the dye, better penetration was achieved by
encapsulation in lipid systems compared to simple dispersion. Fluorescence analysis
showed that, without the use of lipid nanocarriers, the dye is unable to cross the
hydrophobic corneal layer [108]. Mucoadhesion plays a key role in the enhancement of
bioavailability. Efforts are made to design systems that have the ability to improve retention
on the ocular surface. In this respect, the use of chitosan to improve the delivery of drugs
into the eye tissues for its properties as a mucoadhesive agent, controlled drug release and
permeation enhancer is interesting [24]. It is used in conjugation with a drug, such as in the
study of Dubashynskaya et al., to improve the intravitreal delivery of dexamethasone [109].
In the major cases, it was used as a coating of nanocarriers to promote intraocular
penetration, as reported by which designed modified NLCs with three different types of
chitosan: chitosan acetyl-L-cysteine (CS-NAC), chitosan oligosaccharides (COS) and
carboxymethyl chitosan (CMCS). The distribution profile was evaluated by loading the
hydrophobic dye C6 into the NLCs. It was revealed through CLSM analysis that only NLCs
modified with COS and CS-NAC were able to pass the cornea through the opening of tight
junctions between epithelial cells [110]. Rhodamine-labeled NLCs were used to assess the
corneal retention of such lipid nanocarriers, modified with a complex containing boronic
acid, which is able to bind with high affinity the sialic acids of mucin. The NLCs were
loaded with dexamethasone and designed for the treatment of dry eye syndrome.
Fluorescence marking revealed the increased retention time due to the mucoadhesive
property of the nanosystem, which also proved to be a potential not irritant treatment for
dry eye syndrome [111]. Another key factor that improves retention time on the ocular
surface is the positive charge of nanosystems interacting with the negative charges of
mucin. The addition of octa-arginine (R8) to the nanoemulsions prepared by Liu et al.
imparted a positive charge to the system with the aim of increasing eye retention. Once
again, C6 was used to label lipid emulsions of disulfiram. In particular, the permeation of
these systems under the influence of particle size and the presence of R§ was investigated
and revealed that the addition of R8 and a size of ~50 nm improved the ocular delivery
performance of nanosystems. In addition, the study showed that C6 passed through the
corneal epithelium mainly by paracellular pathways, but there was also a fluorescent signal
in the cytoplasm, indicating a transport also by transcellular pathways [112]. The
internalization of lipid nanoparticles occurs mainly through an endocytosis mechanism.

This is in fact the route taken by the mRNA-based solid lipid nanoparticles prepared by
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Gomez-Aguado et al. The SLN were developed in order to produce IL-10 to treat corneal
inflammation and was loaded with Nile Red to assess cellular uptake in corneal epithelial
cells (HCE-2 cells). This platform could also be used as a theranostic model as GFP (green
fluorescent protein) is produced inside the cells, so the intensity of the fluorescence is
indicative of the amount of protein produced. Since GFP, once produced, remains at the
intracellular level, instillation on the ocular surface of mice of the samples permitted the
identification of the corneal layers where transfection occurred. All the prepared mRNA-
based SLN formulations showed higher fluorescence intensity than naked mRNA,
demonstrating the enhancement of their targeting ability [113]. Fluorescein is one of the
most widely used fluorescent dyes for drug tracking and visualization of ocular damage
following treatment. In Section 4, some clinical trials using fluorescein as a fluorescent in
the study will be proposed. Fluorescein was used by Jounaki et al. for tracking vancomycin
loaded NLCs. The aim of the work is the idea that NLCs for topical use could be a valid
substitute of intravitreal injection in the treatment of bacterial endophthalmitis caused
especially by Staphylococcus. Both drug-loaded and fluorescein-loaded NLCs (0.2 mg/mL)
were prepared by cold homogenization technique and were used to evaluate precorneal
retention with an inverted fluorescent microscope. The increased fluorescence found in the
corneal epithelium demonstrated that dye-loaded, stearylamine-coated NLCs were retained
more in the ocular surface. Indeed, the cationic lipid stearylamine is trapped in the mucin
layer and retained due to the interaction between the fillers, facilitating the penetration and
delivery of the drug to the intraocular tissues [101]. In the work of Kakkar et al., fluorescein
was also used in concentrations almost like the previous work (0.25 mg/mL) to track hybrid
nanoparticles. Solid lipid nanoparticles were prepared and then coated with PEG in order
to encapsulate the antimycotic fluconazole. Analysis to assess the penetration into the
ocular internal layers revealed that fluorescence was observed in the vitreous humor, retina,
sclera and choroid after instillation of a single drop of Fluconazole-SLNs into the rat eye.
In addition, the ex vivo study showed that the system exhibited a 164.64% higher flux
through the porcine cornea when compared to the commercial drops ZoconVR [114]. In
addition to coating the nanosystems, fluorescein was used to label them binding it
covalently to the material of the nanosystem. In the work of Puglia et al. [66] an adduct is
prepared between fluorescein and stearic acid named ODAF (N-(30,60-dihydroxy-3-
oxospiro[isobenzofuran-1(3H),90- [9H]xanthen]-5-yl]-octadecanamide). In this case, the
dye was grafted (and not loaded) and the conjugation of the lipid with the dye leads to a
fluorescent probe. Solvent-diffusion technique was used to prepare SLNs of about 120 nm.

The in vivo distribution from 1 h to 16 h was evaluated in rabbits and the results showed
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that, after ocular instillation, ODAF SLNs were mostly located in the cornea (up to 2 h),
whereas over a longer time (from the second hour to the eighth hour) the fluorescent signal
gradually extended toward the back of the eye, confirming the ability of controlled delivery
by the lipid nanosystems [66]. Considering that the influence of blinking and tearing on
ocular drug absorption was rarely evaluated in studies, Pretor et al. evaluated absorption of
two lipid-based formulations, a liposome and a SLN, in presence of these two physiological
conditions. The SLNs were also labeled with a fluorescent phospholipid, thus constituting
another example of a grafted nanosystem. From the study, using C6 as the fluorescent
compound, it is evaluated that liposomes are shown to provide a greater absorption, despite
the influence of blinking (shear stress of 0.1 Pa.) and tear flow. This interesting study was
carried out by coupling the use of microfluidics with channels and cultured HCE-T cells as
well as the use of a fluorescent dye to simulate the physiological mechanisms; it could be
useful to add this kind of assay to the basic characterization of the nanosystem addressed
to ocular targets [115]. In the rhodamine family, Rhodamine B is widely available and low-
cost. The following two studies promote the use of this molecule for tracking nanosystems.
The first is focused on the preparation of lipid systems (niosomes vesicles) and Eudragit
nanoparticles for the treatment of eye fungal infections. Encapsulation of fluconazole
within these systems resulted in being a good way to increase the bioavailability of the drug
compared to free drugs. The systems obtained were innovative in terms of formulation as
there is a triple step: the drug was first complexed using B-cyclodextrin, then encapsulated
into niosomes, and the niosomes were finally incorporated into an in-situ gelling system
made by Poloxamer, HPMC and chitosan. Niosomes were labeled with Rhodamine B and
then were compared to labeled polymeric nanoparticles. The fluorescent signal of CLSM
analysis increased in intensity when the NPs were incorporated into the hydrogel, whereas
the signal of the pure dye was limited to the superficial epithelial layers, suggesting
effective permeation of the nanosystems into the inner tissues [116]. Rhodamine B was
also used to study the transport of curcumin as a model drug in multilamellar liposomes.
These were coated with sodium alginate grafted acrylic acid conjugated with riboflavin.
These multi-dye vesicles (rhodamine and curcumin), prepared using the lipid film
hydration technique, have proven to be excellent carriers for drug delivery to the retina.
The study evaluated both the encapsulation efficiency of the two dyes and their in vitro
release. The release test in pH 7.4 medium demonstrated time-depended release, which was
faster for rhodamine than for curcumin. An extended-release profile was obtained using
fluorescence, red for rhodamine and green for curcumin, showing greater entrance into the

cell at 12 h than at 3 h, and greater endocytosis for smaller, more spherical particles [117].
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9.3.1.2  Polymer-Based Nanocarriers

Topical delivery of polymeric nanosystems is useful to improve corneal penetration and
prolong the therapeutic response of several drugs. Nanocarriers need to be evaluated to find
clinical application; specifically, their distribution in biological environment should be
examined in order to understand the most appropriate strategy to address specific ocular
pathologies. Plausible routes of topically instilled drug delivery for the treatment of ocular
diseases involving the posterior segment include several pathways, including corneal, non-
corneal and uveal routes. Successful nanocarrier development, therefore, involves
fluorescent labeling useful for investigating mechanisms and biodistribution profiles of the
designed systems. Polymeric nanostructures to be used as imaging diagnostic agents
include various kinds of systems, such as nanoparticles, niosomes, film and nanomicelles
and in-situ gel. The review of Swetledge et al. offers a detailed discussion on the
biodistribution of polymer nanoparticles in major ocular tissues [118]. To improve
retention time on the ocular surface, release profile and mucoadhesion performance,
nanocarriers are often coated with polymers. Poly-lactide (PLA), polyglycolide (PGA),
poly-lactide-co-glycolide (PLGA) and chitosan, Eudragit®, but also different copolymers
such as PLGA-PEG, poly- (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) constituted
by hydroxybutyrate (HB) and hydroxyvalerate (HV) and chitosan modified copolymer are
some of these. Among them, many polysaccharides are used as a useful coating for
nanocarriers. Some of these, including chitosan, alginate sodium, hyaluronate sodium and
cellulose derivatives, are approved for ophthalmic use by the FDA and are already present
in the composition of ophthalmic products on the market [119]. Depending on the type of
polymer, the most suitable fluorescent probe should be chosen. A study conducted by
Zhukova et al. focused on understanding the interactions between probes, polymeric
nanoparticles and the biological environment. Four dyes with different degrees of
hydrophobicity were encapsulated (C6, thodamine 123, Dil) or covalently bound to the
polymer (amine Cyanin 5.5, Cy5.5) in order to label PLGA nanoparticles. To increase the
accuracy of the interpretation of in vivo biodistribution data, dual-labeled nanoparticles
were administered, using C6 as the encapsulated label and Cy5.5 as the grafted label.
Neuroimaging results showed that the signal of the nanoparticles bounded with Cy5.5 was
detected in retinal vessels, whereas the signal of the encapsulated C6 was found outside of
blood vessels and in tissue background. The extra vasal distribution of C6 could falsify the
data interpretation, leading to erroneous assumptions that the nanoparticles could
efficiently cross the blood-retinal barrier. Assessing the affinity of the dye to the polymer

and the lipophilic structures could be useful in scaling up these issues. Although C6 has not

198



Zingale, Romeo, et al., Pharmaceutics 2022, 14, 955

proved to be an ideal label, it aided in explaining the phenomenon whereby drugs are
delivered to tissues through encapsulation in nanocarriers without involving any
nanoparticle penetration [120]. Similar results were obtained by Zhang et al. tracking in
vivo the distribution of PLGA-NPs in the retinal blood circulation after intravenous
injection. NPs were labeled with lipophilic perchlorate carbocyanins (Dil) or hydrophilic
rhodamine 123 (Rho123). Dil fluorescent signal was detected for a long time (>90 min) in
retinal vessels, in contrast with Rho123 whose fluorescence was short (>15 min), due to
diffusion from particles and elimination from the blood circulation. To avoid artefacts,
dual-labeled nanoparticles were also injected intravenously in rats. Colocalization of
fluorescent markers was performed by conjugating the polymer with Cy5.5 and loading the
systems with probes (Dil/Rho 123). Cy5.5 signal was detected for both cargoes in retinal
vessels for more than 90 min; however, colocalization was observed only for lipophilic Dil
dye, which was more closely related to the hydrophobic polymer matrix. These findings
further confirm that the affinity of the dye for the polymer and cell membranes played a
key role in biodistribution kinetics [121]. The hydrophilic properties of rhodamine B make
it a suitable fluorescent candidate for polymers of a hydrophilic nature such as chitosan,
whose mucoadhesive qualities have been exploited by X et al. for the design of topical
films for the treatment of glaucoma. Corneal permeation studies demonstrated the
mucoadhesive efficacy of polymeric films in transporting rhodamine B molecules through
the cornea with a high permeation rate [ 122]. A water-insoluble derivative of the rhodamine
family is rhodamine B isothiocyanate, which has affinity for hydrophobic polymers. This
dye was used as a label for nanoparticles consisting of hydrophobic PHBV polymer to
obtain information regarding the depth and rate of penetration after topical administration.
Confocal analysis showed improved penetration deepness of encapsulated marker
compared to the free one, used as a control [123]. Recently, hydrophobic C6 was doubly
used as a model drug and a fluorescent marker to track surface-modified PLGA-NPs with
chitosan, glycol chitosan and polysorbate 80 in retinal tissues. Tracking of NPs after topical
instillation was performed by fluorescence microscopy, revealing intense staining
throughout the whole eyeball, anterior segment including cornea and conjunctiva, lens,
iris/ciliary body and retina, with a peak at 30 min after administration and the disappearance
of the signal after 60 min. Ocular tissue autofluorescence was distinct around the outer
segments of the photoreceptor. Based on the average size of the NPs (<200 nm), the specific
pathway of the NPs to the retina did not exclude any of the plausible routes of delivery to
the posterior segment (corneal, noncorneal or uveal pathways) [124]. C6 was also used to

label polymeric nanomicelles designed for the topical treatment of fungal keratitis. The
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nanomicelles consisted of a chitosan oligosaccharide-vitamin E copolymer conjugated to
phenylboronic acid (PBA-CS-VE) to enhance corneal retention. C6 delivery through a
monolayer of HCE-T cells and 3D cell spheroids demonstrated strong corneal penetration
ability. Several characteristics of the polymer were able to influence nanomicelle uptake,
but the key role in the process of cellular endocytosis was attributed to the high-affinity
interaction between the PBA portion and sialic acid on the surface of the cell membrane
[125]. Another study using C6 as a fluorescent probe was reported by Sai et al., aiming to
evaluate the corneal transportation of an in-situ gelling system based on mixed micelles.
This formulation designed for curcumin was composed of micelles, consisting of 1,2-
distearoyl-  sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000]
(PEG-DSPE) and poly(oxyethylene) esters of 12-hydroxystearic acid (Solutol HS 15),
incorporated in a gellan gum gel. Incubation of human corneal epithelial cells (HCEC) with
the fluorescently labeled systems showed time-dependent and improved absorption for the
encapsulated dye, compared to free C6. Transcorneal penetration was investigated in vivo
by CLSM and results suggested that curcumin was able to penetrate more effectively when
incorporated into the gelled systems, probably due to the increased retention time conferred
by the gellan gum, which was five-fold higher than the mixed micelles alone [126]. A pilot
study with C6 was performed to evaluate the feasibility of the approach in assessing the
biodistribution of PLGA-PEG nanoparticles suspended in hydrogels. The preliminary
study showed an important limitation due to the high green autofluorescence of the
examined ocular tissues. To deal with the drawbacks highlighted by the pilot study, PLGA
nanoparticles in the full study were labeled with Cy-5, a far-red fluorophore that did not
overlap with the natural autofluorescence of the ocular tissues. Results from the full study
showed that topical application allowed the nanoparticles to be distributed into the outer
ocular tissues (cornea, episcleral tissue and sclera) and the choroid was the only internal
tissue to show a slight increased fluorescence, probably attributed to the permeation of
[118]. Another dye recently used as a model drug to label mucoadhesive films with a
hydrophilic nature based on chitosan and poly(2-ethyl-2-oxazoline) is fluorescein sodium.
To avoid precipitation of complexes between the negatively charged dye and the positively
charged chitosan backbones, concentrations less than 0.1 mg/mL were used. Films tested
by ex vivo (bovine cornea) and in vivo (chinchilla rabbits) studies showed excellent corneal
adhesion (up to 50 min) [127]. From this review of recently published papers, it emerged
that, to ascertain the applicability of nanosystems to biodistribution studies, it was
necessary to (i) take in account the degree of affinity and interference between probe,

polymeric carriers and cell membranes, and (ii) accurately interpret the data by selecting
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an effective labeling method upstream. The most reliable way to track the pathways of the
systems remains the conjugation of the fluorescent dye to the polymeric core. Therefore,
colocalization by double labeling may be the most appropriate technique to minimize errors
in the interpretation of fluorescence signals. Currently, there is no unique approach to
fluorescent polymer nanosystems that can be used for all types of labeling systems and

probes.

9.3.1.3  Metallic-Based and Inorganic-Based Nanosystems

Inorganic nanodevices became of great interest in ocular delivery due to their unique
properties such as low cost, easy preparation methods, small size, tuneable porosity, high
surface-volume and robust stability. Fluorescent labeling has been applied to these delivery
systems to assess their ability to cross ocular barriers and provide therapeutic efficacy
[128]. Corneal barrier functions were investigated by Mun et al. using two types of silica
nanoparticles (thiolate and PEGylated) fluorescently labeled with 5-(iodoacetamido)-
fluorescein (5-IAF). Permeation studies were performed in vitro on intact or f-cyclodextrin
pretreated bovine corneas. To provide experimental parameters close to in vivo conditions
and to avoid artifacts such as the potential risk of corneal swelling when using Franz
diffusion cells, the “whole-eye” method was used. 5-IAF-loaded thiolate silica
nanoparticles, PEG-grafted silica nanoparticles (5-IAF-PEG), sodium fluorescein and
fluorescein isothiocyanate dextran solutions were tested. It resulted that fluorescein salt
(376 Da) did not uniformly penetrate the cornea; however, the dye was detected in the
stroma. Larger molecules such as FITC-dextran (400 Da) and 5-IAF-PEG formed a layer
on the corneal surface with no permeation of the epithelial membrane. B-cyclodextrin pre-
treatment disrupted the integrity of the cornea by providing homogeneous permeation of
the low-molecular-weight dye, although it did not improve the penetration of larger
molecules. Concerning NPs, no permeation was reported regardless of surface
modification, particle size and pre-treatment with B-cyclodextrin, thus suggesting that the
tight junctions of the corneal epithelium acted as the main barrier to permeation. The
absence of penetration and confinement on the corneal surface was observed for thiolated
NPs because of the formation of disulfide bonds between the NPs thiol groups and the
cysteine domains of the mucus glycoprotein layer. The interaction between mucin and -SH
thiol groups remained a limiting permeation factor even after the removal of the epithelial
layer. NPs PEGylation was able to mask thiol groups, allowing passage into the stroma
[129]. Baran-Rachwalska et al. designed a novel platform consisting of hybrid silicon-lipid
nanoparticles, aiming to deliver siRNA to the cornea by topical administration. A

fluorescent oligonucleotide duplex, siRNA transfection indicator (siGLO), was employed
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as a tracking probe to assess in vitro cellular uptake on a human corneal epithelial cell line
(HCE-S) and in vivo corneal penetration on wild-type mice. Red fluorescence of the
oligonucleotide marker allowed detection of nanoparticles in all layers of the cornea 3 h
after instillation, in contrast to the control siGLO. The tracking of biodegradable
nanosystems in corneal tissues was confirmed by the reduction of protein expression in the
corneal epithelium, making them ideal candidates for therapeutic oligonucleotide delivery
[130]. Biodegradable mesoporous silica nanoparticles (MSNs) loaded with carboplatin
were designed by Qu et al. for the treatment of retinoblastoma. Carboplatin, being an
anticancer drug, causes severe side effects; therefore, it is necessary to focus the action
strictly on the target site. For this purpose, MSNs were surface modified by conjugation
with an ideal target, epithelial cell adhesion molecule (EpCAM), in order to increase
specificity as well as therapeutic efficacy. To assess the targeting efficacy of the designed
systems, the authors evaluated the cellular uptake of untargeted and targeted MSNs in
retinoblastoma Y79 tumor cells. Rhodamine B and Lysotracker Green were used as
fluorescent probes to track cellular and subcellular uptake of the vectors. Increased cellular
uptake for targeted MSNs was attributed to EpCAM-specific receptor-mediated cellular
internalization. Lysosomal localization of MSNs confirmed that the nanosystems followed
the endocytosis pathway for drug delivery [131]. A hexa-histidine with metal ions
nanosystem was designed to deliver Avastin in the treatment of corneal neovascularization
(CNV). Pre-corneal retention time and ability to cross ocular barriers were studied on a rat
CNV model induced by alkaline burns by FITC labeling the systems. Avastin encapsulated
in the vectors showed a longer precorneal adhesion time compared to the free drug. These
innovative systems have emerged as a promising platform for ocular topical delivery of
protein drugs [132]. An interesting zirconium-porphyrin metal-organic framework
(NPMOF) has been designed for drug tracking and delivery. The bright fluorescence self-
emitted by the metal-organic framework qualifies the carriers to be applied for imaging.
NPMOF was used as a skeleton for the delivery of methylprednisolone, a very efficacious
corticosteroid in the treatment of retinal degenerative diseases. Adult zebrafish with
photoreceptor degeneration induced by high-intensity light exposure were used to test in
vivo distribution and therapeutic efficacy. Red fluorescence signals were detected in
choroid, retina, photoreceptors and retinal pigment epithelium for up to 7 days. Recovery
of visual function by rapid regeneration of photoreceptors and proliferation of Miiller’s glia
and retinal regeneration were reached after a single intravitreal injection. NPMOF vectors
represent a novel delivery system for the treatment of diseases affecting the posterior eye

segment [133].
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9.3.1.4  Protein-Based Nanosystems

Protein-based nanosystems have attracted considerable interest in recent years and are
designed for drug delivery, diagnostics and bioimaging. These highly bio-compatible
systems, which have been extensively studied in the biomedical field, owe their properties
to the protein they are composed of. Among the proteins used in their preparation, there are
antibodies, enzymes, animal and plant proteins, collagen, plasma proteins, gelatin and
proteins derived from virus capsids [134]. Fluorescent proteins are usually used to monitor
protein-protein interactions, protein localization and gene expression. However, without
any carrier, the fluorescent efficiency of a single protein is relatively low. The use of
fluorescent protein-labeled nanomaterials improves loading due to increased surface area
and allows the development of fluorescent nanosystems useful in bioimaging and
biosensing. In the study carried out by Yang et al., nanoparticles were prepared from
regenerated silk fibroin. This protein, which is the most abundant in silk, is considered to
have high biocompatibility and degradability properties. In the biomedical field, it has been
used for drug delivery in small nanosystems, biological drug delivery, gene therapy, wound
healing and bone regeneration. The formulation is targeted for intravitreal injection with
the aim of increasing the bioavailability of the drug in the retina. Fluorescein isothiocyanate
labeled bovine serum albumin (FITC-BSA) has been encapsulated as a model drug. /n vitro
cytotoxicity studies were conducted on ARPE-19 cells, showing that these nanosystems
were very compatible. In addition, in vivo comparison of the biodistribution in posterior
ocular tissues in rabbits revealed increased retention in the retina due to encapsulation in
the nanosystem rather than with a solution of model drug [135,136]. Albumin is widely
used in the preparation of ocular nanosystems [137]. In a recent study, bovine serum
albumin nanoparticles loaded with apatinib were prepared for the treatment of diabetic
retinopathy. In contrast to the previous study, in this disease, invasive administration has
to be avoided, so topical administration is the ultimate goal. The nanoparticles were coated
with hyaluronic acid (HA) to increase mucoadhesion. The biodistribution study in retinal
tissue was carried out by preparing fluorescent nanosystems with 1,1’-dioctadecyl-3,3,3’,3'-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) solution in ethanol
(0.5 mg/mL), which was added during the formulation phase. Through the comparative in
vivo biodistribution study, it was shown that HA-coated nanoparticles demonstrate higher
fluorescence in retinal tissue compared to uncoated nanoparticles, thus representing a
viable alternative to intravitreal injection, maintaining comparable perfusion and
bioavailability [138]. Another study involved the preparation of nanoparticles using

pseudo-proteins for the potential treatment of ophthalmic diseases. Ten types of
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nanoparticles obtained by precipitation of pseudo-proteins were prepared, then they were
loaded, and some of them were also pegylated; finally, they were labeled with a fluorescent
probe, fluorescein diacetate (FDA) or rhodamine 6G (Rh6G), to assess ocular penetration.
Corneal fluorescence was obtained as expected, while surprising results were the reaching
of tissues such as the sclera and retina. Thus, they proved to be a promising delivery system

for topical use in chronic eye diseases [139].

9.3.2 Diagnostics

Labeling nanoparticles with fluorescent probes was demonstrated to be a useful approach
to improve the effectiveness of some diagnostic tests aimed to detect ocular pathologies. In
fact, some eye diseases require a prompt diagnosis in order to contain possible damages
related to the ongoing pathways involved. Age-related macular degeneration (AMD) is the
main cause of vision loss for over-65-year-olds [37]; this pathology has often been analyzed
to improve diagnostic techniques since it has several predisposing factors, and early
detection is crucial to avoid degeneration toward blindness [140]. AMD has an unclear
etiology, although oxidative stress is considered one of the main risk factors [141]; as a
matter of fact, clinical studies demonstrated the importance of supplementation with
antioxidants in order to slow down the progression of AMD [142,143]. Physiological
antioxidant patterns involve metallothioneins (MT), low molecular mass proteins
characterized by the presence of cysteine sulfur ligands, which are able to scavenge free
radicals, thus protecting cells and tissues. The retina is particularly subject to oxidative
stress due to visible and UV light exposure; moreover, age progression involves a reduction
of MT expression, predisposing to AMD [144]. For this reason, bioimaging these proteins
in ocular tissues could be an important tool useful to highlight the tendency to develop
AMD. For this purpose, fluorescent gold nanoclusters involving Cu and Zn and
bioconjugated with specific primary antibodies were developed by Cruz-Alonso and
coworkers [145]. Laser ablation (LA)-inductively coupled plasma (ICP)-mass
spectrometry (MS) technique was used to identify ®*Cu" and *Zn" in the retina of post-
mortem donors since MT bind both Cu and Zn [146]. This method showed results
comparable with conventional immunohistochemistry for MT proteins, with amplification
of signals related to the presence of nanoclusters, which allowed the obtainment of higher
resolution bioimages. An in vivo model of human “wet” AMD is laser-induced choroidal
neovascularization (mouse LCNV) mouse, in which the inflammatory biomarker vascular
cell adhesion molecule-1 (VCAM-1) is highly expressed. Gold nanoparticles
functionalized with anti-sense DNA complementary to VCAM-1 mRNA were developed

by Uddin et al., who aimed to detect this molecule, thus assessing the occurrence of
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oxidative stress [147]. The fluorescence in-situ hybridization (FISH) technique was used
to perform photothermal-optical coherence tomography (PT-OCT) involving a fluorescent
probe (Alexafluor-647) bonded to 3’ end of anti-sense DNA in order to highlight its
interaction with the target mRNA. The conjugation of anti-sense DNA to gold
nanoparticles proved to protect from the degradation performed by DNase while enhancing
the uptake, probably through endocytosis, as suggested by transmission electron
microscopic (TEM) images of retinal cells; moreover, it was verified that no inference in
the fluorescence was produced due to low pH, which is characteristic of inflamed tissues.
Compared to the control group, in vivo systemic injection in mice confirmed the
enhancement in the fluorescent signal for anti-sense DNA coupled with nanoparticles,
which mostly depended on VCAM-1 mRNA hybridization, thus demonstrating the
potentiality of the developed platform as a tool to obtain direct images of endogenous
mRNA in a tissue. In some cases, this pathology requires transplantation of photoreceptor
precursors (PRPs) in the subretinal space, which was successfully performed, guaranteeing
a certain vision restoration [148]. For a certain period, monitoring of the efficiency of the
transplantations needs to be performed. As confirmed by Chemla and coworkers [149],
gold nanoparticles could be transplanted together with photoreceptor precursors cells
labeled with a fluorescent probe (Alexa 594) in order to ameliorate the efficiency of
computed tomography (CT) and optical coherence tomography (OCT) in assessing the
success of the transplant. The nanoparticles were firstly characterized in order to assess
their safety, thus demonstrating no toxicity toward the transplanted cells and no occurrence
of inflammation in the retina and vitreous. Furthermore, this platform demonstrated to
enhance X-ray signal detected by CT and related to cell survival without interference from
the particles secreted from the cells [150]; moreover, they were also able to increase optical
signal for OCT by up to 1.4-fold and track cells migration toward layers deeper than the
injection site. These results confirm the efficiency of such a platform in the monitoring of
transplantation but also suggest a potential use for ameliorating existent molecular imaging
in cell therapy and diagnostic. Another important diagnostic test is fundus fluorescein
angiography (FFA), which allows highlighting vascular leakages in retinal and choroidal
pathologies [151]. This clinical tool is useful to diagnose several ocular diseases: age-
related macular degeneration, which is characterized by hemorrhaging and exudation in the
retina [140]; diabetic retinopathy, which involves retinal damages related to microvascular
modification which are clinically not revealable in the early stages [152]; diabetic macular
edema, whose pathophysiology implicates modifications of choroidal and retinal

vasculature due to BRB impairment [153]. Furthermore, the aforementioned diseases are
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characterized by alterations of ocular vessels, and share the consequent compromission of
visual activity, if not quickly detected and treated. Fluorescein sodium (FS) is injected
intravenously to perform this analysis, diffusing in the blood vessels, thus allowing us to
observe them through a confocal scanning laser ophthalmoscopy system. Despite it being
considered relatively safe, nausea and vomiting frequently occur, while severe effects such
as anaphylaxis are rare. The main drawbacks are the diffusion of FS into normal tissues
and cellular absorption, with long retention, which were overcome using nanoparticles. Cai
et al. coworkers developed a high molecular weight polyethyleneimine (PEI) nanoparticles
which demonstrated to successfully couple fluorescein [151]; moreover, in vitro studies
showed good cytocompatibility, no significant difference in apoptosis rates considering
various concentration tested, no genotoxicity, and no morphological changes or significant
difference in endothelial tube formation. Cellular uptake assays, carried on with different
concentrations of free FS and FS-NP, confirmed similar rapid uptake by cells, with a
concentration-dependent and time-dependent fluorescence of main retinal vessels and
microvessels. Furthermore, free FS was longer retained in cells when compared to FS-NP,
as highlighted by in vivo fluorescence studies, suggesting a potential decrease in FS
toxicity. These results confirm the potentiality of this platform as a diagnostic tool to detect
retinal vessels; moreover, PEI enhances fluorescein metabolism, thus reducing its toxicity.
Other polymeric nanoparticles developed as a potential diagnostic tool are composed of
copolymerized glycerol mono methacrylate (GMMA), glycidyl methacrylate (GME) and
ethylene glycol dimethacrylate (EGDMA), which were functionalized with Vancomycin,
Polymyxin B or Amphotericin B, in order to detect the presence of Gram-positive bacteria,
Gram-negative bacteria and fungi through a specific bond with the respective antibiotic or
antimycotic [154]. The occurrence of such bonds was differently highlighted using
fluorescent Vancomycin, and probes such as fluorescein isothiocyanate (FITC) and
Calcofluor White. Tests conducted on various microbiological strains showed a
proportional increase in the fluorescence signal with the increase in the number of
organisms involved; moreover, the presence of functionalized polymers favored the
microorganism bonding. Besides the biocompatibility of this platform, another advantage
of this platform is the possibility to be shaped as a contact lens requiring only a 30-min
exposure to efficiently detect the occurrence of infection, thus demonstrating to be a

promising approach for an easy diagnosis of corneal infections.

9.3.3 Nanotheranostics
The recent development of systems that integrate the treatment of diseases with their

diagnostics is referred to as theranostics. When the system is in a nanoscale range, it is
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called nanotheranostics. Figure 5 shows prototypes of nanosystems suitable for theranostic

purposes.
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Figure 5. Prototypes of theranostic nanosystems and their mechanism of action. In figure: (A) labeling of
both probe and drug; (B) loading of drug and labeling of probe; (C) co-loading of drug and probe.

The development of these applications has given researchers a new way of diagnosing and
treating diseases such as cancer, diabetic retinopathy and age-related macular degeneration
[37,155]. Among the major chronic eye diseases, diabetic retinopathy is the most prevalent.
Angiogenesis in the posterior eye segment is the main cause of retinal impairment. Clinical
management consists of pathological diagnosis and intravitreal injections of vascular
endothelial growth factor (VEGF) inhibitors to suppress neovascularisation. The
development of innovative nanotheranostic systems is emerging to overcome these critical
problems with less invasive methods to diagnose and treat ocular angiogenesis
synergistically. Silicon nanoparticles conjugated to the peptide Cyclo-(Arg-Gly-Asp-d-
Tyr-Cys) (c-(RGDyC)) (SiNP-RGD) were designed by Tang et al. with the dual action of
imaging and treating ocular neovascularization. The effective anti-angiogenic capability of
these biocompatible theranostic nanoprobes was based on the combination of a specific
detection by labelling endothelial cells and angiogenic blood vessels and a selective
inhibition of neovascularization [156]. Metal NPs are receiving a lot of attention as carriers
for the delivery of biomolecules, among which silver NPs (AgNPs) have found numerous
applications. Stati et al. designed curcumin stabilized AgNPs using a green and cost-
effective method to exploit the promising characteristics of this polyphenol in the in vivo
treatment of human pterygo. Curcumin is a molecule suitable for theranostic application,
as widely reported in the work of Shabbir et al. [157]. Pterygo is a progressive eye disease
that could culminate in an irreversible impairment of visual function. Available treatments
require invasive surgical procedures, such as excision, which often leads to a worsening of
the clinical picture. Spectroscopic techniques revealed a strong plasmonic resonance
between the silver nuclei and the curcumin molecule, demonstrating the presence of the

polyphenol on the surface of AgNPs. The biological efficacy of the formulation was tested
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in vitro on human keratinocytes derived from pterygium explants, showing decreased cell
viability in treated samples compared to controls. Although no studies have been conducted
to track the fate of NPs, the fluorescent emission of the samples could be exploited for
bioimaging applications [158]. Fluorescent silicon nanoparticles modified with
Vancomycin were designed by Zhang et al. for the simultaneous non-invasive diagnosis
and treatment of keratitis induced by Gram-positive bacteria. These nanotheranostic agents
have demonstrated, in combination with strong antimicrobial activity against
Staphylococcus aureus, a rapid (<10 min) imaging capability both in vitro and in vivo. The
rapidity with which bacterial keratitis was diagnosed at an early stage suggests that these
devices may be useful in preventing the progress of the disease, which could impair visual
function if not treated [159]. Oliveira et al. designed hybrid theranostic systems consisting
of a lipid matrix of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), coated with
Pluronic® F127, covalently bound with the fluorescent probe 5(6)-carboxyfluorescein and
loaded with the photosensitizing agent verteporfin. Preliminary studies on a glioblastoma
cell line (T98G) were conducted to evaluate the potential application as theranostic
nanodevices. The fluorescence of the systems revealed on the cancer cell membrane and
the 98% reduction in cell viability of T98G cells encouraged further investigation of such
multifunctional platforms for the treatment and diagnosis of ophthalmic diseases [160].
Photothermal therapy has been making inroads into the eye sector for a couple of years
now. Heat therapy refers to the use of heat as a therapeutic tool to treat diseases such as
tumors. In the recent work of Li et al., an approach to treat choroidal melanoma using
nanocomposites was designed. Nanosystems were synthesized based on hydrogel, which
is itself based on rare-earth nanoparticles. These platforms emit fluorescence in an NIR-II
region. Characterized by their tiny size of less than 5 nm, they are targeted for the treatment
and simultaneous bioimaging of choroidal melanoma. They have been incorporated into
biodegradable hydrogels based on PNIPAM dual response, which could release the drug in
a controlled manner by responding to heat and glutathione in the tumor microenvironment.
The nanocomposites were then further decorated with indocyanine green (ICS) and folic
acid (FA) to enhance therapeutically and to target specificity and the possibility of
achieving photothermal therapy [161]. A lot of studies showed the potential of therapeutic
contact lenses in the management of eye disease [162]. Infectious endophthalmitis is a
growing concern that causes irreversible damage to intraocular tissue and the optic nerve.
The work of Huang et al. focuses on the design of contact lenses consisting of hybrid
hydrogels based on quaternized chitosan composite (HTCC), silver nanoparticles and

graphene oxide (GO). Fungal keratitis infection often leads to the formation of a biofilm,
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which is particularly difficult to be penetrated by antifungal agents, especially through eye
drops. In addition, the bioavailability of a drug such as Voriconazole is very limited. The
function of these nanoparticles is not only to deliver Voriconazole in the treatment of fungal
keratitis, but also to act as an antimicrobial agent due to its properties. In fact, the materials
used, such as quaternized chitosan, have inherent antimicrobial capabilities. The dual
functionality makes this system a useful theranostic approach for the treatment of eye
infections [163]. The study by Jin et al. reports a therapeutic nanoplatform based on UiO-
66-NH2 to combine photodynamic therapy (PDT) and targeting lipopolysaccharides (LPS)
through polypeptide modification (YVLWKRKFCFI-NH2). The fluorescent used was
Toluidine blue (TB), which acted as a photosensitiser (PS) and was loaded into UiO-66-
NH2 nanoparticles (NPs). The dye acts both as a tracer and as a therapeutic agent through
photodynamics. The release of the fluorescent is pH-dependent. The study proved
beneficial against Pseudomonas aeruginosa and Staphylococcus epidermidis, and the in

vivo model showed positive results in the treatment of endophthalmitis [164].

9.4 Fluorescent Status for Ocular Therapies in Clinical Trials
and Market

Scientific progress in the field of ocular nanomedicine is constantly advancing, many
nanoformulations for the treatment of ophthalmic diseases have been -clinically
investigated, and some have already been introduced to the market. A list of nanomedicines
for eye diseases in clinical trials and approved by the Food and Drug Administration (FDA)
is discussed in the review provided by Khiev et al. [165].

Novel nanosystems on the market included NorFLO, a dietary supplement based on a
patented curcuma-phospholipid formula (iphytoone®). Phospholipids enhanced the
targeted distribution of curcumin in the eye, and the efficacy of the formulation has been
demonstrated in over 40 studies in processes triggered or sustained by chronic
inflammation, found to be the cause of many eye diseases. Prolidofta is another supplement
marketed as an ocular spray to counteract inflammatory processes affecting the palpebral
component and restore any functional and structural changes. This spray consists of small
vesicles (50-500 nm) made up of a double layer of phospholipids surrounding an aqueous
core for the delivery of vitamins A and E. OMKI1-LF is an ophthalmic liposomal solution
based on citicolin, an endogenous molecule that restores the damage caused by glaucoma

in the cell membranes and hyaluronic acid, which acts to hydrate, protect and lubricate the
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tear film. TriMix is an eye drop with cross-linked Hyaluronic Acid, Trehalose and
Stearylamine Liposome indicated to counteract dryness and eye irritation.

Regarding imaging in surgery, near-infrared fluorescence (NIRF) with the dye indocyanine
green has been widely used. Indocyanine green (ICG) is a clinically approved NIRF dye in
ophthalmology for imaging retinal blood vessels; an overview of surgical applications
using indocyanine green fluorescence imaging has been proposed by Alander et al. [166].
Based on clinicaltrials.gov, a website database of clinical trials conducted around the world
(as accessed on 1 April 2022), since 2010 fluorescence imaging has been used in clinical
trials to assess the integrity or damage of ocular surfaces after administration of novel
nanosystems. Green dye fluorescein was used in 13 clinical trials for the evaluation of
nanosystems with different ocular indications, from dry eye to autoimmune Sjogren’s

syndrome. The role of the dye and details of the studies are given in Table 3.

Table 3. Use of Fluorescein dye in clinical trials of drug delivery systems for eye diseases.

Role of Name and type Name of the Identified
molecule of formulation stud Pathologies Status number of
in the study tested y the study
Evaluate corneal ~ LAMELLEYE CoIr;laI::;:zZef;Sthe Drv Eve
and conjunctival Liposomal Treariment of D S Ifgllror}rlles Completed NCT03052140
damage suspension E . R Y
ye Disease
Evaluate tear AQUORAL Lipo  Efficacy of "Aquoral New study
breack up time (liposomal Lipo .Amﬁcml Contact Lens (March, 2022)
and corneal solution) in contact LZIT:r\;IIeI;i(r);H\;i]citth Complication not yet NCT05290727
damage lens Discomfort recruiting
Evaluate corneal LAMELLEYE thléﬁ"l\r/g;tl;rll‘e};zltYff tigr Primary Sjogren
and conjunctival Liposomal Eye Symptoms inry Syll;ﬁr iji Unknown NCTO03140111
damage suspension pSS Patients
LIPOSIC AND Comparison of the
Evaluate corneal TEARS Effects of Two Tear
damace NATURALE Substitutes in Dry eye Completed NCT03211351
g FORTE (liposomal Patients with Dry
suspension) Eye Syndrome
Evaluate ocular TEARS AGAIN Dry Eye Treatment
surface damage (liposomal spray) with Artificial Tears Dry eye Completed NCT02420834
0CS-01
Evaluate the (Dexamethasone OCS-01 in Treating inflammation and
absence of Cyclodextrin Inflammation and . .
anterior chamber Nanoparticle Pain in Post-cataract cii:rlaf;ll;;w:g Completed NCT04130802
cells Ophthalmic Patients (SKYGGN) sery
Suspension 1.5%)
The Effects of a
Intravenous Single Intravenous
Administration of g1 .
. Administration of
Evaluate corneal Secukinumab Secukinumab
damage (AIN457) or (AIN457) or Dry eye Completed NCT01250171
g Canakinumab Canakinumab
(?Sli?gj) (ACZ885) in Dry
Eye Patients
A Study to Assess
the Efficacy and
Evaluate corneal Tanfanercept Safety of
. . (HL036) Topical Tanfanercept Recruiting.
a“dg"m““c“"al Ophthalmic (HL036) Ophthalmic Dry eye Phase III NCT05109702
amages Solution Solution in
Participants With

Dry Eye (VELOS-3)
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Role of Name and type Identified
. Name of the .
molecule of formulation stud Pathologies Status number of
in the study tested y the study
Evaluate HL036 0.10 percent A Study to Assess
. . (%) ophthalmic Efficacy of HL036 in Completed.
Cogjal;l::tl‘;/al solution as topical Subjects With Dry Dry eye Phase II NCT03334539
g ophthalmic drops Eyes (VELOS-1)
Study Evaluating the
Safety and Efficacy
Evaluate (Ijlgt)li :SZOSHIC of NCX 4251
changes in . Ophthalmic Blepharitis Completed NCT04675242
. . propionate .
inferior cornea nanocrystal) Suspension for the
y Treatment of
Blepharitis
®
SEELAEE Study of Efficacy
Evaluate Tear Nanoergulsion and Tolerability of
Film Break-up . SYSTANE Complete Dry eye Completed NCT03492541
. ocular lubricant . . .
Time in Patients with Dry
(Propylene glycol- Eve Disease
based eye drops) y
TIO-087 Evaluating the
Cyclosporine Efficacy and Safety
Evaluate comeal ophthalmic of TJO-087 in Dry eye Recruiting NCT05245604
damage . Moderate to Severe
Nanoemulsion .
(0.08%) Dry Eye Disease
) Patients
Study of
OCU300 Brimonidine Tartrate
Evaluate corneal Brimonidine Nanoemulsion Eye Ocular Graft
d . n ey Versus Host Completed NCT03591874
amage Tartrate Drops in Patients Discase
Nanoemulsion With Ocular Graft-

vs-Host Disease

Fluorescence for the development and clinical investigation of innovative ocular
nanosystems seems to be a promising strategy to increase the number of formulations able
to reach market commercialization. In Table 4, few products with fluorescein approved by
the FDA are reported.

Table 4. FDA-approved products with fluorescein.

Name Active Ingredients = Company Description NDA
Benoxinate
Hydrochloride; Altaire . . .
Altafluor Benox Fluorescein Sodium  Pharms Inc Solution/Drops; Ophthalmic 208582
(0.4%;0.25%)
Fluorescein Benoxinate Bausch
Sodium And Hydrochloride; Lomb Solution/Drops; Ophthalmic 211039
Benoxinate Fluorescein Sodium Ireland
Hydrochloride (0.4%:0.3%)

9.5 Challenges and Future Perspectives

The growing number of people who have blindness and visual impairment indicates a
continuous increase in the need for care and treatment. Given this evidence, urgent action
is required to address this largely preventable global problem and provide adequate eye
care services. There are still many gaps in the literature regarding optimal design and traffic
pathways within the eye. In particular, further research is needed to unravel the transport
mechanisms across certain barriers in the eye. Moreover, rapid clearance remains a

challenge for nanosystems as they need to release their payload before being eliminated
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from the eye. Many studies focus on assessing the distribution in various tissues once the
formulation has been instilled into the eye [106—132,134,137-139]. Unfortunately, few
studies focus on assessing how mechanisms including blinking, tear drainage and ocular
metabolism may interact with nanosystems [66,115]. Among other things, a very important
aspect is the evaluation of the toxicity and the actual applicability of these systems. In fact,
many of them are quite complex, and the applicability, especially in the theranostic field,
is not entirely easy. The evaluation has to be as precise as possible because many eye
studies use rodent models; this is highly questionable, especially in the quantification of
distribution and kinetic properties of nanoparticles in the eye, as there are many significant
differences between the rodent and human eye. Therefore, the most impactful future studies
on this topic will come from larger animal models with eyes that are physiologically and
anatomically more similar to ours.

The increasing use of fluorescent probes in the realization of biosensors for colorimetric
and radiometric identification of specific targets is a great step forward since the
fluorescence represents a non-invasive diagnostic method. This has important benefits in
early diagnosis through self-medication screening based on membranes or other platforms
containing the appropriate fluorescent probe. These tools are also applicable in epidemics
through the realization of specific self-tests based on ELISA or other strategies able to
identify the etiological agent selectively. A large and growing field is the use of these
probes as part of theranostic photo switch structures, able to change their structure after
light stimulus, releasing the therapeutic agent and activating or switching off the
fluorescence of the probe. Thus, fluorescence allows accurate and quantitative
identification (under certain conditions even by the naked eye as also through in vitro tests)
of the drug release process. Therefore, the use of fluorescent probes is finding increasing

use in experimental and advanced ocular chemotherapy using photo-activated systems.

9.6 Conclusions

The eye has a complex anatomical structure, representing the main difficulty for drugs to
achieve this target. Nanomedicine has made it possible to overcome several difficulties
related to the administration of this almost isolated compartment. The study of the pathways
followed by the nanosystems makes it possible to assess the effective achievement of the
target site and to consider any non-productive distribution in undesirable tissues with the
possible onset of side effects. The biodistribution study also allows the correlation between

the chemico-physical parameters of the nanosystems (e.g., ZP, size, morphology,
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mucoadhesive properties, etc.) and the paths followed by them. This investigation is also
aimed at evaluating and developing strategies to bypass physiological barriers of the eye,
including tight junctions, tearing and blinking, that could compromise targeting
effectiveness. The development of bioimaging mediated by fluorescent probes has
improved the efficiency of some diagnostic tests for eye diseases. It is known that early (or
rather preventive) diagnosis is a necessity to limit the damage, especially in the long term,
caused by specific diseases. The involvement of fluorescent nanoparticles as diagnostics
demonstrated to be suitable for detecting the occurrence of pathological pathways,
ameliorating techniques already employed in ocular diagnostic, thus providing better
results through equipment of common use (OCT, CT, FFA, etc.). This is where the
important contribution of fluorescent probes to nanotheranostic approaches becomes
relevant since, in these systems, diagnostic and therapy coexist. Tracking the nanoparticles
makes it possible to highlight the effective achievement of the target, thus following the
release of the therapeutic agent through an external stimulus (e.g., ultrasounds, magnetic
fields, light, etc.). In conclusion, as highlighted in this review, the potential applications of
fluorescence in the ocular field have been demonstrated as a useful strategy for translating
nanoformulations into marketable drug candidates. In addition, to the best of our
knowledge, there are no reviews focused on this topic, so this work aims to raise awareness

and summarize the use of fluorescents in the ocular field.
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Abstract: Uveal melanoma is one of the most aggressive tumors, and, for its great
capability of metastasize, results to be the most incident intraocular tumor in adult age.
However, to date there is no effective treatment since achieving the inner ocular tissues still
constitutes one of the greatest challenges in actual medicine, because of the complex

structure and barriers characteristics of this organ. Aiming to properly vehiculate (5)-(—)-
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MRIJF22, a new custom-synthetized prodrug for the potential treatment of uveal melanoma,
a novel nanotechnological approach based on nanostructured lipid carriers (NLC) has been
developed. Therefore, NLC were prepared and functionalized with a cationic coating as
well as polyethylene glycol (PEG). Non-coated and PEGylated NLC loading (S)-(-)-
MRIJF22 were compared. The prepared platforms were characterized in terms of particle
size, homogeneity, zeta potential, pH and osmolality, being suitable for ophthalmic
administration. Stability test was carried on at different temperatures using Turbiscan®™
Ageing Station, demonstrating good physical stability. Moreover, morphology analysis by
TEM and mucoadhesive studies were performed. In vitro release studies were performed
using Franz diffusion cells, demonstrating that the NLC were able to provide a slow and
prolonged prodrug release. In vitro MTT test on HCE-2 and 92-1 cell lines, as well as HET-
CAM assay and Draize test, confirmed the cytocompatibility of the formulations. /n vivo
antiangiogenic capability and in vivo preventive anti-inflammatory properties were
assessed. Furthermore, in vivo biodistribution studies of the nanoparticles after topical
instillation in rabbits’ eyes, demonstrated the potential use of the developed NLC for the

treatment of inner eye pathologies.

10.1 Introduction

Uveal melanoma (UM) is the most common malignant tumor of the inner eye, affecting 6
per million per year and resulting in 50% of mortality in one year relating to liver metastasis
[1], [2]. Occasionally, UM could affect ciliary body (7%) and iris (3%), but its main
localization is in the choroid (90%) [3]. The achievement of the ocular tissues, and its
posterior segment in particular, has always been a great challenge in the clinical field. In
fact, for its complex structure and for the presence of several barriers and protection
mechanisms, drug targeting to the inner eye results very difficult, both through systemic
route and topical instillation. Systemic administration is usually inefficient because of the
presence of the blood aqueous barrier, which protects the anterior region of the eye, and
the blood-retinal barrier that protects the retina. On the other hand, the success of the topical
instillation is limited by the presence of the tears and by blinking and drainage mechanisms,
which are responsible of the short permanence time of the drug on ocular surface (1-2
minutes) [4], [S]; when the drug succeeds to reach the cornea, its permeation is strictly
controlled by the lipophilicity of the drug [6]. For the aforementioned reasons, only 2% of
the administered drug is able to reach the inner eye through systemic route [7], while for

topical ophthalmic administration the percentage raises to 3-5% [8]. Aiming to directly
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target the inner eye, invasive methods are currently used in therapy, such as transscleral
and intravitreal administrations. However, they possess low patient compliance and require
highly qualified personnel [9]. To reach the inner eye through topical administration, the
encapsulation of drugs into delivery systems has demonstrated to be a successful strategy,
which could be exploited using several carriers and modulating their properties in order to
target specific areas of the eye. For instance, particle size influences nanoparticle
permeation ability, while their superficial charge could favor interaction with mucin,
improving the retention time on the ocular surface [10]. Among the various carriers that
could be employed for ophthalmic delivery, lipid nanoparticles — and nanostructured lipid
carriers (NLC) in particular — demonstrated to be suitable for their biocompatibility and
ability to act as a depot [11], as well as for their numerous advantages such as high
encapsulation efficiency, reduced drug loss and high stability during storage [12]. Several
NLC systems demonstrated to be potentially useful in the treatment of eye posterior
segment pathologies [13], [14], and the employment of fluorescent probes allowed to
follow nanoparticles distribution after in vivo administration [15].

Considering that the current therapy for this cancer only consists in surgery, radiation and
enucleation [16], the development of novel drugs is the key for its actual cure. From the
analysis of the biomolecular targets of this cancer, a new prodrug (S)-(—)-MRIJF22 was
synthetized esterifying haloperidol metabolite II (HP-mlII) and valproic acid (VPA): the
inhibition of histone deacetylase (HDAC:i) related to the VPA, and the o1-antagonism and
o2-agonism attributable to HP-mll, resulted in a combined dual action, which was
demonstrated to be promising as an adjuvant treatment for UM [17]. Aiming to provide a
specific targeting to the inner eye, the encapsulation of this prodrug represents a potential
strategy.

For these reasons, a NLC platform was developed (namely NLC) and successively
modified PEGylating the nanoparticles surface (P-NLC) or adding a cationic DDAB
coating (D-NLC). Indeed, cationic coating could favor interactions with the negatively
charged mucin residues on the ocular surface [18], while PEG is able to interpenetrate the
mucin chains [19], providing, in both the situations, a prolonged residence of the carrier on
the ocular surface.

The three carriers were characterized in terms of particle size, homogeneity, zeta potential,
pH and osmolality, and their stability was assessed using Turbiscan® Ageing Station.
Moreover, NLCs morphology was analyzed through TEM studies and their mucoadhesive
properties were verified. (S)-(-)-MRJF22 was then successfully encapsulated and its

release from the carriers was evaluated using Franz diffusion cells. NLC cytocompatibility
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was conformed both by in vitro and in vivo tests. In vivo antiangiogenic capability and in
vivo preventive anti-inflammatory properties were also investigated. Finally, the
achievement of the posterior segment of the eye was verified through in vivo biodistribution

studies.

10.2 Materials and Methods

10.2.1 Materials

Kolliphor RH40 was provided by BASF Italia S.p.a. (Cesano Modena, Italy); Oleoyl
Macrogol-6 Glycerides (Labrafil) was a gift from Gattefossé Italia s.r.l. (Milano, Italy);
Hydrogenated Coco-Glycerides (Softisan 100) was bought from IOI Oleo GmbH
(Oleochemicals, 101 group); Isopropyl myristate (IPM) was purchased from Farmalabor
(Canosa di Puglia, Italy). Tris (hydroxymethyl)aminomethane buffer, methanol (MeOH)
and ethanol (EtOH) were bought from Merck (Darmstadt, Germany).
Didodecyldimethylammonium bromide (DDAB), Polyethylene Glycol 1500 (PEG 1500),
Fluorescein isothiocyanate (FITC), phosphate buffer saline (PBS) components (NaCl, KCI,
Na;HPOs4, KH,PO,), artificial tear fluid (ATF) components (CaCl,-2H>0O, NaHCO3, NaCl),
mucin (mucin from porcine stomach type II), simulated tear fluid (STF) components (NaCl,
NaHCOs3, CaCl,-2H>0 and KCIl), benzalkonium chloride, trypsin-EDTA (1X), tetrazolium
bromide (MTT), DMSO, DAPI (4°,6-diamidino-2-phenylindole), arachidonic acid, Hank’s
solution components (CaCl,'2H,O, MgSO4, KCI, K;HPO4, NaHCO3, NaCl, Na,POs,
glucose), paraformaldehyde, glucose, Triton X-100, Mowiol components (Mowiol,
glycerol) were purchased from Sigma Aldrich (MO, USA). OCT compound (Sakura
Finetek, Torrance, CA, USA). Regenerated cellulose membranes (Spectra/Por CE; Mol.
Wet. Cutoff 3500) were supplied by Spectrum (Los Angeles, CA, USA). (S)-(-)-MRJF22
was synthetized by the research group of Prof. Agostino Marrazzo, in the Medicinal
Chemistry Laboratory of the Department of Drug and Health Sciences (Universita degli
Studi di Catania) [17]. All solvents (LC grade) were from VWR International (Milan, Italy).
Human corneal epithelial cell line immortalized with adenovirus 12SV40 hybrid virus
(HCE-2, ATCC® CRL-11135) was purchased from LGC Standards (Barcelona, Spain),
while the medium used (Keratinocyte serum-free medium added with human recombinant
epidermal growth factor, bovine pituitary extract, penicillin, streptomycin, insulin) was
from Thermo Fisher Scientific (Life Technologies, CA, USA).

Human uveal melanoma (UM 92-1) cell line was purchased from the Cell Factory-IST
(Genova, Italy), while the medium used (RPMI-1640 medium added with fetal bovine
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serum (FBS), I-glutamine, penicillin and streptomycin) was from Euroclone S.p.A. (Pero,

Milan, Italy).

10.2.2 Nanoparticles production

To produce the NLCs, the phase inversion temperature (PIT) method was chosen, following
the previously described protocol [20]. Briefly, the lipid phase was composed of a mixture
of surfactants (<7% w/v), the solid lipid and the liquid lipid (1:2.5 ratio). PEG 1% w/v or
DDAB 0.15% w/v, were added to the lipid phase to prepare Pegylated NLCs (P-NLC) and
cationic NLCs (D-NLC), respectively. To prepare the loaded formulations, (S)-(—)-
MRIJF22 was added at 0.02% w/v, obtaining (S)-NLC and (S)-P-NLC. The fluorescent
samples were prepared using FITC at 0.01% w/v, obtaining F-NLC and F-P-NLC. The
water and the lipid phases were heated separately and then the water phase was added
dropwise in the melted oily phase under continuous stirring. The formulation was mixed at
room temperature, vortexed (Heidolph Reax 2000, VWR, Milan, Italy), cooled, and then
vortexed again. After 24h, the samples were purified to remove the excess of surfactants

(see section 2.3.5).

10.2.3 Physical-chemical and technological characterization

10.2.3.1 Photon Correlation Spectroscopy (PCS)

Particle size (Z-ave), polydispersity index (PDI) and zeta potential (ZP) of the samples
(1:20 diluted in ultra-purified water) were measured through Photon Correlation
Spectroscopy (PCS) using a ZetaSizer NanoZS (Malvern Instruments, Worcestershire,

United Kingdom). Each analysis was performed at least by triplicate.

10.2.3.2 Osmolality and pH

An osmometer (3320 Osmometer, Advanced Instruments, Norwood, MA, USA) was used
to assess the osmolality of the samples, which was previously calibrated using ultra-
purified water and physiological solution. The pH values of the samples were determined
using a pH meter (Mettler Toledo, Milano, Italy), calibrated using solution with defined
pH 4.0, 7.0 and 10.0.

10.2.3.3 TEM morphology studies

Morphologies of the purified blank formulations were studied using transmission electron
microscopy (TEM) using a 1:5 water dilution on a JEOL 1010 microscope (Akishima,
Japan). To visualize the samples, Carbon-coated grids (carbon support film of 200 mesh

from Electron Microscopy Sciences, Hatfield, United Kingdom) were used. The grids were
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activated using UV light and negative staining of the samples placed on the grid was carried

out using uranyl acetate (2%) [21].

10.2.3.4 Stability studies

To assess the physical stability of the samples, 15 ml of each unloaded sample was stored
into Turbiscan® Ageing Station (TAGS, Formulaction, L’Union, France) at three different
temperatures (room temperature 25.0£1.0°C, physiological temperature 36.5+1.0°C and
extreme temperature 50.0+1.0°C). This technique, previously described in [22], was
selected for its well-known reliability in detecting the occurrence of aggregation and/or
migration instability phenomena in colloidal suspensions [23]-[26]. The results were
obtained as variation of transmission profiles (AT), which were compared between the

samples, and numerically as Turbiscan® Stability Index (TSI).

10.2.3.5 Encapsulation efficiency and drug loading capacity

The percentage of non-entrapped drug was measured after ultracentrifugation (SL16R
Centrifuge, Thermo Scientific, Rodano, Italy) at 13.000 rpm (90 min at 4°C). The collected
supernatant was diluted in methanol-0.5% diethylamine mixture (ratio 1:5) and
ultracentrifuged again for 30 min. The supernatant obtained was analyzed using UV-vis
spectrophotometer (UHS5300 UV-Visible Double-Beam Spectrophotometer, Hitachi
Europe, Milan, Italy).

The following equation was used to calculate the encapsulation efficiency (EE%):

weighted drug — amount of not entrapped drug

EE% = 100

total amount of drug used
and the drug loading capacity (DLC%) was calculated with the equation:

amount of drug entrapped

DLC% = 100

weight of lipidic phase

10.2.4 In vitro studies

10.2.4.1 Mucoadhesion studies

Mucin suspension 0.1% w/v in simulated tear fluid, STF (NaCl 0.68 g, NaHCO; 0.22 g,
CaCl,-2H,0 0.008 g, KC1 0.14 g, and distilled deionized water to 100 mL) was prepared
the day before the assay and was stirred overnight. Mucoadhesive properties were analyzed
by mixing mucin dispersion and nanoparticles in 1:1 v/v ratio for 15 min at 25°C, and
subsequently incubating at 37°C up to 4h. Two in vitro methods were performed of the
mixture sample-mucin at the selected time points (0, 1, 2, 3, 4h): turbidimetric mea-

surement comparing the absorbances at 650 nm using UV-vis spectrophotometer, and
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mucin particle method measuring variations in sizes and zeta potentials using Zetasizer

Nano S90 (Malvern Instruments, Malvern, UK).

10.2.4.2 Invitro release studies

In vitro release of (S)-(—)-MRJF22 or FITC from nanoparticles was assessed using Franz-
type diffusion cells (LGA, Berkeley, CA, USA), with 0.75 cm? of regenerated cellulose
membranes (Spectra/Por CE; Mol. Weight Cut-off 3.5 kDa) moistened for 24h in the
release medium. As reference, (S)-(—)-MRJF22 was solubilized in methanol-0.5%
diethylamine solution (MeOH-0.5% DEA) while FITC was dissolved in ethanol (EtOH),
in a concentration comparable to the encapsulated molecules into the nanosystems.
Artificial tear fluid (ATF) was prepared by dissolving the salts in ultrapure water (for 1L:
0.08g CaCl,-2H,0, 2g NaHCO:s, 6.7g NaCl) and adjusting the pH to 7.4 using HCI 1M, as
reported in literature [27]. In the receptor, maintained at 35+1°C and stirred at 600 rpm, a
50:50 v/v mixture of tris(hydroxymethyl)aminomethane buffer (TRIS) and MeOH-0.5%
DEA was used as release medium for prodrug-loaded NLC, while a 50:50 v/v mixture of
ATF and EtOH supplemented with 2% Tween® 80 was used to assess FITC release. The
donor compartment was filled with500 uL of each purified sample. At planned time interval
(every hour from O to 8h, and then at 24h), 500 pL were withdrawn from the receptor and
replaced with medium to guarantee pseudosink conditions. Each withdrawn was diluted
1:2 with medium and analyzed using UV-vis spectrophotometer. The selected wavelengths

were 222 nm for (S)-(-)-MRJF22 and 500 nm for FITC.

10.2.4.3 Cell cultures

Human Corneal Epithelium HCE-2 cells were maintained in keratinocyte serum-free
medium supplemented with bovine pituitary extract (BPE) 0.05 mg/ml, epidermal growth
factor (EGF) 5 ng/ml, insulin 0.005 mg/ml and streptomycin 100 mg/ml. For MTT assay,
passages from 41 to 52 were used.

Human UM 92-1 cells were maintained in RPMI-1640 medium, added with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin and 100 pg/mL
streptomycin. For MTT assay, passages from 10 to 13 were used. All the cells were

incubated at 37°C and 5% CO..

10.2.4.4 Cytotoxicity

Cell viability was assessed through MTT assay on confluent monolayers. The cells were
seeded and incubated for 48h at a confluence of 80%, then the medium was removed, and
the cells were treated for Sh (for HCE-2) or 24h (for UM 92-1) with different concentrations
of the NLC samples pellet, corresponding to 10 uM, 5 uM, 3 uM, 1 uM, 0.5 uM and 0.3
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UM concentration of the encapsulated drug. Benzalkonium chloride 0.01% was used as
positive control to assess effective cell death, while medium was used as a negative 100%
viability control. After the treatment, the cells were incubated with 2.5 mg/ml Bromide of
3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazole (MTT), then formazan crystals were
solubilized in DMSO for 5 min and the absorbance was read at A=560 nm using an
automatic ModulusTM Microplate Photometer (Turner BioSystems, CA, USA) [28]-[30].

Cell viability was expressed as percentage comparing to untreated control cells.

10.2.4.5 Invitro ocular tolerance

HET-CAM test was used to assess in vitro ocular tolerance of the formulations.
Chorioallantoic membrane (CAM) of 10-day embryonated eggs (provided from GALLSA
farm, Tarragona, Spain) were subjected to the application of 300 pL of each sample, while
NaOH 0.IN and NaCl 0.9% solutions were used as positive and negative controls,
respectively [30]. For 5 min, it was observed the appearance of hemorrhage,
vasoconstriction, or coagulation. Since the application of lipid formulations creates a white
layer, after 30 sec NaCl solution was added in order to be able to see the vessels and the
eventual occurrence of damage. The formulations were classified as previously reported

[31] through the calculation of the ocular irritation index (OII) [32]:

5(301—H) , 7(301-V)  9(301-C)
300 300 300

Where H, V and C are the time of appearance of hemorrhage, vasoconstriction and

oll =

coagulation, respectively, expressed in seconds. Results were classified as: not-irritant
(0<O0II<0.9), slightly irritant (1<OII<4.0), moderately irritant (5<OI1<8.9), severely irritant
(9<0II<21).

Moreover, a quantitative irritation measurement was carried on through the HET-CAM
TBS assay. 1000 pL of 0.1% trypan blue staining (TBS) in phosphate buffered saline (pH
7.4) solution were added to the previously treated CAM for 1 min and then washed with
distilled water to remove the excess of TBS. The CAM was then excised and weighted,
then was put into 5 ml of formamide to extract the absorbed TBS, which was quantified
through NanoDrop™ (One/OneC Microvolume UV-Vis Spectrophotometer, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) at 595 nm. The quantification of the

absorbed dye (AD) was calculated using the following equation:

absorbance 5

AD 10° nmol

~ membrane weight (mg) 1000

Considering the obtained values, the samples were classified using the following scale: <
0.19 nmol/mg not irritant; 0.10-0.15 nmol/mg moderately irritant; > 0.15 nmol/mg severely

irritant [31].
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10.2.51n vivo studies

10.2.5.1 Draize irritation test
Draize irritation test [33] was performed on 2 kg New Zealand albino rabbits purchased
from Granja Riera and housed in individual cages. Animals were maintained in controlled
temperature (17-23°C) and relative humidity (60-80%) conditions, with food and water
supplemented ad libitum. This test was carried out in accordance with the Ethical
Committee for Animal Experimentation of the University of Barcelona and current
legislation (Decree 214/97, Gencat).
In order to perform the assessment, 50 pL of the loaded NLC and of (S)-(-)-MRJF22
solution were administered topically in the conjunctival sac, performing a light massage to
distribute the sample on the entire surface of the eye. After 30 min, cornea, conjunctiva and
iris were observed to highlight eventual damages, following the guidelines reported in
Supplementary Table 1 and using the equation below to calculate the ocular irritation index
(OID).

Oll = Corneal(A-B-5) + Iris(A-5) + Conjunctiva(A+ B+ C) -2
The obtained scores were classified as follow: 0 non-irritant, 0-15 slightly irritant, >15-30

moderately irritant, >30-50 irritant, >50 severely irritant [31].

10.2.5.2 Antiangiogenic capability

Antiangiogenic capacity of the samples was assessed using the CAM assay [31]. To
perform the analysis, a window in the shell was opened on the side of 3 days fertilized eggs,
and, after 24h of incubation at 37°C and 85% humidity, the CAM was treated with 40 pL
of each sample. After 48h of treatment, the CAM was fixed with 4% paraformaldehyde at
4°C. After 24h, membranes were removed and observed through binocular loupe. The

density of the vessels was measured automatically using ImageJ vessel analysis plugin [21].

10.2.5.3 Ocular anti-inflammatory capacity

In vivo preventive anti-inflammatory activity was analyzed on New Zealand albino rabbits
administering the samples for 30 min. After this time, an inflammatory stimulus was
applied by adding arachidonic acid. The occurrence of ocular damage was assessed after
30 min and then at 1, 1.5, 2, 2.5h [34]. Ocular irritation index was evaluated based on the
criteria described in Supplementary Table 1 [31] and using the equation reported in section

2.5.1.

10.2.5.4 In vivo biodistribution
In vivo biodistribution was assessed by applying two 50 plL-administrations separated by 5

min of clearance of either fluorescent-NLC or FITC solution into the conjunctival sac of
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New Zealand albino rabbits, massaging the eye after each administration to. After 3h, the
animals were sacrificed and the eyes were enucleated and transferred into
paraformaldehyde 4% in PBS, and then freeze at -80°C.

Afterwards, the freeze eyes were cut using a cryostat (Leica CM 3050 S, Leica
Microsystems GmbH, Wetzlar, Germany) and the cellular nucleus were stained with DAPI.
Fluorescence was assessed using a Leica Thunder Imager DMI8 (Leica Microsystems

GmbH, Wetzlar, Germany) and quantified using ImagelJ software [35].

10.2.6 Statistics

For the characterization of blank, loaded and fluorescent formulations, ordinary one-way
ANOVA with Turkey’s multiple comparison test was used, compared the blank P-NLC
and D-NLC with NLC, while the loaded and the fluorescent samples were compared to
their respective blanks. For mucoadhesive studies, two-way ANOV A was performed, using
Tukey’s multiple comparisons test for mucin particle method. For cytocompatibility, two-
way ANOVA with Dunnett’s multiple comparisons test was performed compared to
CTRL, as well as for HET-CAM, HET-CAM TBS, in vitro antiangiogenic capability assay
and in vivo anti-inflammatory activity test. All analyses were done with GraphPad Prism
9.5.0 (GraphPad Software, Inc., San Diego, CA) and p values were considered significant
at p<0.05.

10.3 Results and discussion

10.3.1 Physico-chemical characterization of unloaded NLCs

10.3.1.1 PCS analysis

As already described in a previous work [20], the PIT method — which is a green and
organic solvent-free preparation technique — and the raw materials were selected for their
capability to allow the formation of NLC with small and homogeneous mean diameters.
Moreover, all the materials demonstrated to be tolerable for ocular topical administration,
as already discussed elsewhere [23]. A blank nanosystem was prepared (NLC) and
compared to surface-modified P-NLC and D-NLC, respectively obtained with the addition
of PEG or the cationic lipid DDAB. In fact, in literature it was extensively demonstrated
that enhanced nanoparticle permeation [18] could be obtained through cationic surface
modification of the nanoparticles because of the higher mucoadhesiveness on ocular

surface [23], [36] through ionic interaction with mucin [23], [37]. On the other hand,
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PEGylation mainly increases the retention time on cornea surface due to the ability of
interpenetrate the mucin chains [19] thus allowing a prolonged release [18], [36].

As reported in Figure 1, Zetasizer analysis showed PDI values lower than 0.25,
demonstrating that all the samples were homogeneous, with a mean particles size lower
than 160 nm for all the samples, without significant variations among them. The slight not
significant increase in Z-ave reported for P-NLC is related to the presence of the PEG
coating, as already demonstrated by Jokerst [38], while the slight not significant decrease
in the mean diameter of D-NLC is caused by the addition of DDAB which was previously
demonstrated to reduce particle size when compared to uncoated formulation [39]. It is
well-known that Z-ave is a crucial parameter for the ophthalmic administration, since
particle diameters higher than 10 um are not well-tolerated, and in particular a mean particle
size between 50 and 400 nm is preferred to avoid ocular irritations [40]. Furthermore,
particle size strongly influences the distribution and the residence time of the carriers in the
various ocular structures [23], where diameters lower than 200 nm are mandatory to allow

ocular permeation [41] and to enhance mucoadhesion and endocytosis [36].

200 - —0.5
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Figure 1. Z-ave (nm) and PDI values of NLC, P-NLC, and D-NLC. Not significant for p<0.05.

10.3.1.2 pH and osmolality measurements

The prepared formulations also demonstrated to satisfy other important parameters
required by both European Pharmacopoeia and FDA for liquid preparations used for the
ocular site, namely pH and osmolality [Supplementary Table 2], which should fall between
the range tolerated by the eye. In particular, pH should be between 6.8 and 7.4 [42] to avoid
ocular chemical damages [43], while osmolality should be in the tears range (280 and 300
mOsm/Kg) to allow a safe passage of particles through the biological membranes [23].
Moreover, the ZP of the samples was measured [Supplementary Table 2], since it allows

to predict the long-term stability of the samples, basing on the idea that markedly positive
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or negative values could guarantee particle repulsion thus avoiding physical instability
phenomena [44]. The obtained results showed neutral ZP values for NLC and P-NLC,
while D-NLC resulted positively charged (+24.9 = 0.67 mV), as expected.

10.3.1.3 TEM analysis

TEM images reported in Figure 2 confirmed, that all the formulations, showed mean
particle diameter lower than 200 nm, with NLC and D-NLC showing a greater homogeneity
compared to P-NLC, in accordance with PDI values (Figure 1). The shape of the particles
resulted to be spherical for all the sample, and no morphological changes were highlighted
after the addition of the DDAB or PEG coatings, as reported for similar NLC systems
coated with DDAB [45]. These results are consistent with literature findings, where it was
highlighted that the addition of PEG coating on NLC caused not significant changes in
morphology, as revealed by TEM analysis [46].

Figure 2. TEM images of NLC (a); D-NLC (b); P-NLC (c¢).

10.3.1.4 Physical stability

The stability of the samples was verified using the Turbiscan® Technology equipped with
an Ageing Station. The samples NLC, P-NLC and D-NLC were stored for 30 days at three
different temperatures: 25°C, 36.5°C and 50°C. The variation of transmission profiles (AT)
is a parameter which describes physical instability in the sample, discerning if it is
occurring a particle size increment, identified as higher AT values in the middle of the
graph, or a particle migration phenomenon, when AT increasing are located in the lateral
parts of the graph, depending on the type of instability phenomenon occurring
(clarification, sedimentation or creaming) [45]. As reported in Figure 3, a not significant
variation of transmission (AT<<20%) was observed at the bottom of the cuvette in all the
samples stored at 25°C, related to the formation of a slight sediment which was easily
redispersed by gentle shaking of the colloidal suspension. The same behavior was observed
at 36.5°C and 50°C (data not showed). The destabilization kinetics showed in

Supplementary Figure 1 in terms of evolution of Turbiscan® Stability Index (TSI), all the
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samples demonstrated a high stability at all the analyzed temperatures. The higher stability
of D-NLC reflects its higher ZP value, which guarantee particle repulsion thus stability, as

already discussed, and confirms previous literature findings [45].
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Figure 3. Variations of transmission (AT) profiles of samples NLC (a), D-NLC (b) and P-NLC (¢) after 30
days of storage in Turbiscan® at 25.0+1.0°C, data are represented as a function of time (0-30 days) of sample

height (0-25 mm) — the sense of analysis time is indicated by the arrow.

10.3.2 In vitro studies on unloaded NLCs

10.3.2.1 Cytotoxicity

The cytocompatibility of the blank samples was assessed using two cell lines, HCE-2
(human corneal cells) and UM 92-1 (tumoral melanoma cells). The HCE-2 cell line was
selected to analyze the compatibility of the formulation on corneal cells after topical
administration; for this reason, the samples were tested for 5h, since the physiological
clearance mechanisms of the eye usually do not allow a longer residence time [47].
Considering that the NLCs were developed for the delivery of (S)-(—)-MRJF22 for the
potential treatment of UM, cytocompatibility studies were also performed on 92-1 cancer
cell lines. Therefore, several concentrations of NLCs were tested, from 0.3 pM to 10 uM,
as previously reported [20].

As apositive cytotoxic control, BAK 0.01% was also applied [23], showing 6.64% viability
on HCE cells and 4.21% on UM cells. Blank NLC (Figure 4 a,d) and P-NLC (Figure 4 b,e)
showed a dose-depended viability in both cell lines, with NLC being safe (viability > 80%)
up to 1 pM, and P-NLC until 3 uM. A high cytotoxicity of D-NLC on both cell lines (Figure

4 c,f), with a drastic decrease in the viability even with the more diluted concentrations.
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This behavior is probably related to the presence of the cationic DDAB, whose ability to
electrostatically interact with the anionic ocular surface could affect the cells viability [18].

For its low cytocompatibility, D-NLC was not subjected to further studies.
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Figure 4. Cytocompatibility on HCE-2 cells (a-¢) and on UM 92-1 cells (d-f) of: NLC (a,d); P-NLC (b,e);
D-NLC (c,f). Significance was set at “*p<0.01; **p<0.001; ***p=<0.0001.

10.3.2.2 Invitro mucoadhesion properties

To further assess the interaction of the nanoparticles with the ocular surface, in vitro
mucoadhesion studies were performed on uncoated NLC and PEGylated P-NLC,
incubating the samples with mucin suspension in STF up to 4h. In fact, after ophthalmic
administration, the nanoparticles need to interact with ocular surface — which contains
mucin, a high-molecular weight glycoprotein characterized by a negative ZP — in order to
avoid the elimination with the tears.

Mucoadhesive properties of the nanoparticles could be assessed by mucin particle method,
in which interaction with mucin is assessed measuring the changes in Z-ave and ZP values.
As reported in Figure 5a, both the samples demonstrated to slightly interact with mucin, as
highlighted by the significant increase (" p<0.0001) in particle size of muc-NLC and muc-
P-NLC compared to NLC and P-NLC at all analyzed timepoints. ZP measurements
p<0.0001) in ZP

seskkok

confirmed these interactions, as a significant reduction (" p<0.001,
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values of the samples after incubation with mucin was reported at all timepoints (Figure
5b). The occurrence of mild interaction was also highlighted by the slight increase of PDI
values for both samples, from 0.18 to 0.38 for NLC, and from 0.23 to 0.35 for P-NLC
(however results were not significant). These results were confirmed also by the
turbidimetric assay (Figure 5c), which estimates the mucoadhesiveness basing on the
assumption that the interaction of the nanoparticle with mucin causes an aggregation that
could be detected by UV-vis analysis. As previously reported, PEG did not increase
mucoadhesiveness compared to the uncoated NLC [48]. The interaction with mucin
suggests that both systems could be retained on the ocular surface, avoiding the loss related
to the tears flow. However, it resulted necessary to assess their capability to migrate to the
posterior chamber and to not remain indefinitely adhered on the ocular surface, as

successively studied through in vivo biodistribution experiments.
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Figure 5. Z-ave values (a) and ZP values (b) of samples (NLC and P-NLC) before 0 and after 1, 2, 3 and 4h
of incubation with mucin (muc-NLC, muc-P-NLC) at 37°C. Significance was set as ~**p<0.001; ****p<0.0001.
(¢) In vitro assessment of samples/mucin interactions at different time points (0, 1, 2, 3 and 4h) by

turbidimetric assay at 650 nm. Significance was set as ***p<0.001; *p < 0.01.

10.3.3 Physico-chemical and technological characterization of loaded
NLCs

10.3.3.1 PCS analysis, EE% and DLC% measurements of loaded NLCs

Since NLC and P-NLC demonstrated to possess interesting features for potential
ophthalmic administration, both the colloidal systems were employed to encapsulate (S)-
(-)-MRJF22, a new prodrug synthetized combining valproic acid (VPA) and haloperidol
metabolite IT (HP-II) [17]. (S)-(-)-MRJF22 was added to the nanoparticle’s composition at
0.02% w/w, obtaining (S)-NLC and (S)-P-NLC, with an encapsulation efficiency of
57.73£1.91% and of 52.89+2.90% respectively, thus in line with previous results obtained
for the same prodrug delivered into a similar NLC platform [20]. Drug loading capacity
was also measured, resulting to be 0.08340.001% and 0.073+0.002% for (S)-NLC and (S)-

P-NLC, respectively. The Zetasizer characterization of both the loaded samples confirmed
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that the Z-ave, PDI and ZP values were not significantly altered by the encapsulation of the
prodrug, as well as the physiological pH and osmolality values (Supplementary Table 2).

10.3.3.2 Invitro prodrug release

Release profiles of (S)-(—)-MRJF22 from uncoated NLC and pegylated P-NLC were
analyzed using Franz type diffusion cells (Figure 6): a similar behavior characterized by a
slow and prolonged release was observed for both the formulations. This behavior, which
is extensively reported in literature for NLC [49], [50], is usually attributable to the
diffusion of the drug from the lipid matrix [50]. The initial 9% release at the beginning of
the experiment, which was reported for both the formulations, suggests that there is a drug-
rich region localized on the surfactant layer of the nanoparticles [51]. After 8h, (S)-NLC
and (S)-P-NLC released 14.00% and 16.47% of the encapsulated (S)-(-)-MRIJF22
respectively, to reach then 28.20% and 19.78% of prodrug released (from (S)-NLC and (S)-
P-NLC respectively) after 24h of treatment, resulting in line with previous finding [20].
The difference between the two samples at 24h is probably related to the presence of PEG
coating, which is known to provide a sustained and slow release [52]. As a comparison,
(S)-(—=)-MRIJF22 solution showed an initial release of 44.48% at the very beginning of the
experiment, to reach a complete release after 3h. This confirms the importance of the
encapsulation into drug delivery systems to provide a prolonged and sustained release of

the active molecule, compared to the drug solution [50].
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Figure 6. Release profile of (5)-(—)-MRJF22 from (S)-NLC and (S)-P-NLC, compared to (S)-(—)-MRJF22

solution.

10.3.41n vitro studies on loaded NLCs

10.3.4.1 Cytotoxicity

The cytotoxicity produced by the loaded samples was assessed as previously reported for
the blank formulations. Moreover, the toxicity of (S)-(—)-MRJF22 solution was evaluated
(Figure 4 a,d).
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Prodrug encapsulation into NLCs improved its cytocompatibility on corneal HCE-2 cells
up to 5 uM for (S)-NLC (viability = 78.97 %) and to 3 uM for (S)-P-NLC (viability =
77.83%), compared to the prodrug solution which was safe until 1 uM (viability = 80.54%).
In tumoral UM cells, the viability results of the two loaded formulations were found to be
slightly lower compared to the prodrug solution, with a viability >80% at 1 uM for (S)-
NLC and 0.5 uM for (S)-P-NLC. Considering that (S)-(—)-MRJF22 resulted effective as
antiproliferative agent for UM treatment at concentrations >5 uM [17], the encapsulation
of the prodrug into both NLC and P-NLC can be exploited to protect the HCE cell from the
corneal toxicity of the prodrug, while maintaining unaltered its effect on the target UM
cells, highlighting the potentiality of nanocarriers in limiting the side effects of the loaded

active compound.
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Figure 7. Cytocompatibility on HCE-2 cells (a-c) and on UM 92-1 cells (d-f) of: (S)-(—)-MRJF22 (a,d); (S)-
NLC (b,e); (S)-P-NLC (c,f). Significance was set at “p<0.05; “*p<0.01; **p<0.001; ***p<0.0001.

10.3.4.2 Invitro ocular tolerance

In order to verify the in vitro ocular tolerance, the HET-CAM test was performed on (S)-
NLC and (S5)-P-NLC and on the (S)-(-)-MRJF22 solution, compared to NaOH 0.1IN as a
positive control and NaCl 0.9% as a negative control. This in vitro test is based on the

analysis of the vascular damage on the blood vessels of the CAM [53], which are
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comparable to the ones of the rabbit conjunctiva. Subsequently, also the HET-CAM TBS
was developed as a quantitative assay [54]. From the HET-CAM results (Figure 8 a-b) it
clearly emerged that both (S)-NLC and (S)-P-NLC were safe and did not show any irritant
effect, while for (S)-(—)-MRJF22 solution all the three reported events (vasoconstriction,
hemorrhage, and coagulation) were recorded, with values causing moderate irritation
values. An additional assessment was carried out by means of the HET-CAM TBS test
(Figure 8c), which actually confirmed the non-irritant properties of both the nanosystems
(OII < 0.9, AD < 0.10 nmol/mg) [31] and the moderately irritant behavior of (S)-(—)-
MRIJF22 (OII=5-8.9; AD=0.10-0.15 nmol/mg). These results are in agreement with the
cytocompatibility on HCE-2 cells, which highlighted an increase of (S)-(—)-MRJF22
biocompatibility when encapsulated into the nanosystems, compared to the free prodrug,

and with previous literature findings on the safety of NLC systems [55], [56].
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Figure 8. (a) HET-CAM images, before and after, of (S)-(—)-MRJF22 solution, (S)-NLC, (S)-P-NLC, CTRL+
NaOH and CTRL- NaCl. (b) Ocular irritation index (OII) results from HET-CAM test. (¢) Absorbed dye
(AD) values (nmols/mg) from HET-CAM TBS assay. Significance was set at ***p<0.001; “**p=<0.0001
compared to CTRL-.
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10.3.5 In vivo studies on loaded NLCs

10.3.5.1 Draize irritation test

As a further confirmation of the ocular tolerance of the samples, Draize test was performed
on New Zealand albino rabbits. Both (S)-NLC and (S)-P-NLC and the (S)-(-)-MRJF22
solution were topically administered, and after 30 min cornea, iris and conjunctiva were
analyzed [57] following the parameters reported in Supplementary Table 1. As can be
observed in Figure 9a-b, the free (5)-(—)-MRJF22 solution caused a certain irritation, while
both the loaded formulations produced a slight irritation which is significantly lower

p<0.001). These results are

sk

compared to the arachidonic acid positive control ("p<0.01;
in agreement with the cytocompatibility on HCE-2 cells and the HET-CAM results
discussed above, suggesting the important role of the carrier in reducing the side effect of
the loaded prodrug, thus protecting the corneal cells after the topical administration of the

formulation.

CTRL- (8)-(-)-MRIF22 (S)-NLC ($)-P-NLC

Before
treatment

30 min after
treatment

Figure 9. In vivo ocular tolerance Draize test after 30 min of (S)-(—)-MRJF22 solution, (S)-NLC and
(S)-P-NLC on New Zealand albino rabbits.

10.3.5.2 Antiangiogenic capability

The antiangiogenic activity of (S)-NLC, (S)-P-NLC and (S)-(-)-MRJF22 solution was
analyzed in vivo measuring the vessel density % on CAM membranes after 48h of
treatment, and comparing it to NaCl, used as negative control, and bFGF growth factor, as
a positive control [21]. As it is possible to see from the graph in Figure 10, all the tested
samples produced an important antiangiogenic effect, with a significant decrease
-

p<0.0001) in vessel density % compared to both NaCl negative control and bFGF

positive control (bFGF significance not showed in Figure 10). No significant difference
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was observed between the uncoated and the pegylated NLC in respect to the free sample.
This result confirms that prodrug loaded in NLC and P-NLC did not affect its effectiveness
with the advantage of limiting its irritant effects. Previous studies carried on (S)-(-)-
MRIJF22 [17], demonstrated the capability of this prodrug to counteract the pro-angiogenic
action of VEGF-A. In detail, the 62 binding affinity of (S)-(—)-MRJF22 is able to inhibit
VEGF-A, which mediates cell proliferation, tube formation and, most important, cell

motility, that is responsible of the high metastatic progression of UM [58].
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Figure 10. Antiangiogenic activity of (S)-(—)-MRJF22 solution, (S)-NLC and (S)-P-NLC on 3 days fertilized
eggs, after 48h of treatment, compared to bFGF (CTRL+) and NaCl (CTRL-). Significance was set as
**p<0.001; ***p<0.0001 compared to CTRL—.

10.3.5.3 Ocular anti-inflammatory capacity

Since UM is characterized by an inflammatory phenotype [59] which involves immune
cells as T lymphocytes [60], the capability of the samples to prevent ocular inflammation
was assessed in vivo on New Zealand albino rabbits. After 30 min of treatment with (S)-
NLC, (S)-P-NLC and (S5)-(-)-MRJF22 solution, arachidonic acid was administered as an
inflammatory stimulus. Subsequently, every 30 min various parameters were evaluated,
aiming to assess the grade of inflammation of cornea, iris and conjunctiva [31], [34]. As
highlighted in Figure 11, (S)-(—)-MRJF22 solution caused an initial slight decrease of the
inflammation compared to control, followed by a progressive improvement of this activity,
demonstrating that the prodrug possesses a protective capability against inflammation. This
protective activity was enhanced by the encapsulation of (S)-(-)-MRJF22 into
nanoparticles, since, after 30 min from the inflammatory stimulus, (S)-NLC and (S)-P-NLC
were able to provide a 1.5-fold and 2.5-fold reduction (significance: =~ p<0.0001)
compared to the free prodrug solution, respectively. At the end of the experiment all the
formulations demonstrated to be able to provide a significant anti-inflammatory activity.

The improvement of (S)-(—)-MRJF22 anti-inflammatory activity when encapsulated could
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be related to the protection of the cornea from the irritant action of the free prodrug, as
demonstrated by Draize test, and also to the slight mucoadhesive properties of the
nanoparticles, which guarantee an adequate residence time on ocular surface allowing a
prolonged release of the drug. Furthermore, the higher anti-inflammatory activity of (S)-P-
NLC compared to (S)-NLC could be attributable to the presence of PEG 1500, which

already demonstrated to have anti-inflammatory properties [61].
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Figure 11. In vivo prevention of inflammation test performed on New Zealand albino rabbits treated 30 min

with NaCl (CTRL+), (S)-(—)-MRJF22 solution, (S)-NLC and (S)-P-NLC, inflamed with arachidonic acid for

30 min and then analyzed every 30 min. Significance was set at “p<0.05; **p<0.01; **p=<0.001; ***p<0.0001
compared to CTRL+.

10.3.5.4 Characterization of fluorescent NLCs

Aiming to assess the biodistribution of the NLCs after topical ophthalmic administration,
FITC was selected as lipophilic probe, since the use of fluorescein in biodistribution studies
is reported in literature [62]-[64], as well as for its established use in ophthalmic diagnostic
practice. FITC was encapsulated into NLC and P-NLC at a concentration of 0.01% w/V,
thus obtaining F-NLC and F-P-NLC, respectively. The addition of the fluorescent probe
did not modified nanoparticles feature in terms of mean size, homogeneity, ZP (data not
reported). Moreover, release profiles of FITC from F-NLC and F-P-NLC, compared to
FITC solution, is reported in Supplementary Figure 2.

Considering the comparable results obtained during all the mucoadhesion experiment, as
well as the higher anti-inflammatory activity reported in the lasts analyzed timepoints, 3h
was selected as the biodistribution time. In line with literature findings [62], FITC
demonstrated to be suitable for biodistribution studies since at 3h it provided a 35.43%
release from the probe solution and a <10% release from both F-NLC and F-P-NLC.
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10.3.5.5 Invivo biodistribution

F-NLC, F-P-NLC and FITC solution were topically administered on New Zealand albino
rabbits, to visualize the in vivo biodistribution of the samples. After 3h from the ophthalmic
administration, the animals were sacrificed, the eyes were collected and subsequently cut
into slices. The fluorescence microscopy analysis (Figure 12 a-b), highlight that both F-
NLC and F-P-NLC were able to reach the posterior segment of the eye, being located
mainly in the retina. As already reported in literature the achievement of the posterior
segment of the eye could be performed by lipid nanoparticles in a few hours [50], [65]. In
this area, Puglia and coworkers [65] suggested an absorption mechanism for lipid
nanoparticles which involves an initial diffusion in the cornea and then the achievement of

the retina and the sclera.
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Figure 12. In vivo ocular biodistribution after 3h from the administration of (a) F-NLC and (b) F-P-NLC;
anterior (A) and posterior (P) segments are indicated by the arrows. (¢) Heat map of average fluorescence

intensity of the main ROIs of the eye.

The heating map in Figure 12¢ allowed to make a quantitative comparison between the two
platforms and the probe solution. It is worth to notice that the fluorescence quantification
of the not-treated eye (CTRL) demonstrated no autofluorescence interference of the ocular
tissues. Moreover, higher fluorescence intensity was observed in the eyes treated with the
fluorescent nanoparticles, compared to the free FITC solution, and these results could be
explained by the presence of the carrier which initially slightly interacts with mucin on the
ocular surface — thus reducing the loss caused by tears drainage — and then favors the
penetration to the posterior chamber. Therefore, PEGylation did not influence the in vivo
fate of the nanoparticles, but it resulted advantageous for the enhancement of the anti-
inflammatory activity and for the increment of cell viability. Moreover, PEG did not alter

the mucoadhesion, allowing the nanoparticle to achieve the posterior chamber of the eye.

241



Cimino et al., in progress to be submitted to Journal of Controlled Release

10.4 Conclusion

In the present study, a novel formulation based on the second generation of lipid
nanoparticles able to encapsulate a custom-synthetized drug has been developed. The
produced NLC and P-NLC samples demonstrated optimal features for the intended topical
ophthalmic instillation, with particle size lower than 200 nm and good homogeneity, as
well as excellent ocular tolerance, assessed both in vitro and in vivo, which confirm their
safety. Therefore, the new synthetized (S)-(—)-MRJF22 was successfully encapsulated,
demonstrating that the NLC carriers were able to limit the side effects of the antitumoral
prodrug, while enhancing its antiangiogenic and preventive anti-inflammatory activity.
Finally, the in vivo biodistribution studies on the fluorescent nanosystems highlighted the
ability of the carriers to achieve the inner ocular structure, thus promoting drug targeting

to UM.
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Supplementary materials:

Supplementary Table 1. Score guidelines to calculate ocular lesion on in vivo Draize test.
Structure Injury Evaluation Score
A) Degree of cloudiness or opacity
e Absence of ulceration

0
o Diffuse areas 1
o Translucent areas 2
e Opalescent areas 3

« Full opacity 2 Corne?al score: A'B-5

CORNEA B) Affected arca Maximum score: 80
e None 0
e A quarter or less 1
e More than a quarter but without than half 2
o More than half but less than three quarters 3
e More than three quarters up A whole plane 4

A) Iris injury score
* Normal . . 0 Radial score: A-5
IRIS o Deep folds, congestion, swelling, moderate 1
circumcorneal injection. . )

. . Maximum score: 10

e No reaction to light, hemorrhage, great P

destruction
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Structure Injury Evaluation Score

A) Redness
e Normal glasses 0
e Some clearly injected vessels 1
¢ Diffuse redness 2
¢ Big diffuse redness 3

B) Chemosis or Inflammation
e None 0 Conjunctival score:
e Some 1 (A+B+C)-2

CONJUNCTIVA e Marked with partial disorder of the eyelids 2

e Eyelid more or less closed 3 Maximum score: 20
e Semi eyelids 4

C) Sweat
e None 0
e Any amount anomalous 1
e Wetting and eyelid hairs ?

e Periocular wetting

Supplementary Table 2. Physical-chemical and technological characterization of unloaded NLC and P-
NLC, and (S)-(—)-MRJF22 loaded (S)-NLC and (S)-P-NLC. Mean particle size (Z-ave), PDI, zeta potential
(ZP), pH, osmolality, encapsulation efficiency and drug loading capacity are reported, and each value is the

mean of at least 3 measurements + SD. Significance was calculated comparing the loaded sample to the

respective unloaded one, and it was set at: *p<0.05; *“p < 0.01.

Osm

Z-ave (nm) PDI ZP (mV) pH EE(%)+  DLC (%)+
Sample +SD +SD +SD +SD (m(isg“l)/kg) SD SD
NLC 1423291 014120027 2622019 6752001 262+ 11 / /
(SNLC ___1533=7.1 017320021 _-1392040" 6742006 _ 25627 5773+ 191 0.083£0.001
P-NLC __ 1553% 141 021320045 2815040 662£032  274%8 / /
(Y PNLC __1474%168 022520011 1402023  673£0.18 _ 278£9 52892290 _ 0.075<0.002
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Supplementary Figure 1. Destabilization kinetics in terms of evolution of Turbiscan®
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