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ABSTRACT

The prevalence of ocular neurodegenerative diseases is growing in the elderly population
but also among younger people. These disorders cause impairment and reduction of
vision and in the most severe cases lead to irreversible blindness. The etiology is not
completely clear, the mechanisms behind the onset of these diseases is currently much
discussed. Age and genetic abnormalities are among the most relevant critical factors, but
oxidative cellular stress plays a crucial role. Natural molecules such as terpenoid,
phenolic and alkaloid compounds have shown excellent antioxidant, anti-radical and anti-
inflammatory properties, proving to be excellent neuroprotective agents. Thyroid,
pituitary, pancreatic, sexual and neurosteroid hormones have shown antioxidant, anti-
apoptotic and anti-inflammatory activities, attracting great interest due to their
neuroprotective effect on several models of neuronal degeneration. Calcium channel
blockers by restoring homeostasis of neuronal calcium channels, improved neurological
damage and were effective in preventing neuronal death.

Despite the benefits of these molecules, their ocular administration shows many
challenges to overcome. Increasing the poor drug bioavailability in intraocular tissues is
one of the biggest challenges. Recent advances in nanomedicines have contributed to
improve drug delivery to the posterior eye segment. Nanosystems have provided manifold
advantages, including the ability to improve the delivery of poorly soluble drugs and
provide protection against enzymatic degradation. Nanocarrier modifications on the
surface allow to bypass ocular barriers, improving penetration and ensuring effective drug
delivery to intraocular target tissues. So, the composition of nanocarriers plays a critical

role in establishing properties such as drug loading, release profiles and site of action.



Currently, the incorporation of drugs in nanovectors has been shown to improve the
amount of drugs delivery to the posterior eye segment.

Ensuring quality, safety and efficacy parameters is necessary to receive regulatory
approval for the marketing of new drug delivery devices. For this purpose, it may be
useful to follow a rational approach during the design of innovative platforms. The use of
systematic methods such as Quality by Design has proven effective in producing
nanomedicines with the desired quality parameters. The multivariate statistical approach

of Design of Experiment assured successful design and optimization methodologies.

Moreover, tracking nanosystems using fluorescent probes could be an effective and non-
invasive strategy to quantify and evaluate drug release and to monitor biodistribution in

vivo.

Taking into account these considerations, the aim of my doctoral thesis was to explore
innovative platforms as ocular drug delivery systems. This thesis focused on the design,
optimization, preparation and characterization of polymeric, lipid, hybrid nanoparticles
(NPs) and nanofibers aimed to improve ocular delivery, especially targeting the posterior
region of the eye. Molecules with a neuroprotective action (ferulic acid, flunarizine
dihydrochloride and melatonin) were incorporated with the purpose to produce
nanodevices for potential treatment of chronic neurodegenerative diseases such as age-

related macular degeneration, diabetic retinopathy and glaucoma.

In paper | (Romeo et al. — Pharmaceutics — 2021) two types of polymeric NPs (PLA and
PLGA) were investigated for the potential intravitreal delivery of ferulic acid. The
biodegradable and biocompatible polymers PLA and PLGA with low molecular weights
and slow degradation rate were selected to provide sustained release profiles and to

improve drug bioavailability in intraocular tissues. This work was based on extensive



technological analyses with the aim of obtaining a NP powder with a simple composition
and long-term storage suitable for intravitreal delivery. A preliminary in vitro study was
performed on empty nanocarriers to assess the absence of cytotoxicity on retinal
endothelial and pericyte cells. Different purification techniques were explored to remove
traces of surfactant and unencapsulated drug and to make the nanocarriers suitable for in
vitro and in vivo studies. To extend shelf life, the nanosuspensions were lyophilized. The
formulations were cryoprotected with 5% (w/v) HP-B-Cyd to maintain physico-chemical
properties were maintained after reconstitution of the freeze-dried powder. Thermal and
spectroscopic analyses were performed to determine the effective encapsulation of the
drug in the polymer matrix. Morphological analyses showed NPs with spherical shape
and smooth surface. The nanocarriers showed high encapsulation efficiency (between
64,86 e 75,16%) and controlled release profiles. Our results suggested that the developed
carriers could be tested in vitro in animal models to evaluate their efficacy compared to
the free drug.

In the paper Il (Romeo et al — 2022 — Int. J. Pharm.) an eye drop for melatonin (MEL)
delivery to the posterior segment of the eye was designed and optimized. Hybrid NPs
were produced from a mucopenetrating PLGA-PEG polymer matrix and a cationic lipid
coating with mucoadhesive properties. Simple, reproducible one-step nanoprecipitation
was employed to prepare the hybrid NPs. Design and optimization were performed using
Design of Experiment (DoE). Preservative addition to the optimized nanosuspension and
sterilization by UV exposure were performed to qualify the formulation as an eye drop.
Microbiological tests demonstrated the efficacy of the preservative and the sterilization
method. The nanosuspension remained stable for up to 6 months under refrigerated

storage conditions. The mucoadhesive properties were demonstrated through the mucin



particle method. MEL was released from the nanocarriers with a sustained and prolonged
profile. Thermal and spectroscopic analyses confirmed the interaction between the lipid
components and the polymer matrix. An in vitro model of diabetic retinopathy was used
to evaluate the neuroprotective and antioxidant activity of melatonin on human retinal
endothelial cells. Ocular tolerability was ascertained by the Draize Test. This study
demonstrated a robust and effective delivery nanomedicine for the potential management
of neurodegenerative retinal disorders.

In paper 111 (Craparo et al. — 2021 — Pharmaceutics) fluorescent polymer nanosystems
were developed as vectors for in vitro/in vivo imaging studies. PLGA-PEG was employed
as a mucopenetrating polymer. The fluorescent probe Rhodamine B was used to label
NPs following two strategies: encapsulation and covalent grafting on the backbone of the
copolymer. The systems were extensively characterized in terms of size, polydispersity,
surface charge and pegylation density to assess the suitability of the formulations in nose-
to-brain delivery. Purification by centrifugation allowed the removal of unencapsulated
dye in order to avoid artefacts during data interpretation in tracking studies. Release
profiles confirmed the effective entrapment of the fluorescent probe. Cytotoxicity tests
on olfactory ensheathing cells and neuronal PC12 cells were conducted to assess the
safety of the formulations in brain targeting. The results suggested that the grafting
method provided the most stable labelling. Both nanosystems were efficiently
internalized into cells, proving to be suitable nanocarriers for possible cell tracking
studies. In the published manuscript fluorescent nanosystems with Rhodamine B were
studied as drug transport models to explore cellular internalization for potential intranasal
administration for brain target. The same carrier could also be investigated to evaluate

ocular distribution.



For this reason, a deeply literature study was carried out and allowed to write the review
IV (Zingale, Romeo et al. — 2022 — Pharmaceutics), in which fluorescent nanosystems
for diagnostic and theranostic uses in the ocular field manufactured in the last five years
were reviewed. A summary of the most widely used fluorescent probes was presented
and their classification was drawn up according to the classes to which they belong.
Fluorescent nanosystems were discussed on the basis of their polymeric, lipidic, metallic
and protein nature. An overview of the use of fluorescent markers in clinical studies and
on the market was also discussed. This review showed that the application of fluorescent
nanosystems has proven to be a promising strategy for targeting and their use is growing
to translate designed nanoformulations into drugs for marketing.

Paper V (in progress) aimed to encapsulate flunarizine dihydrochloride in a lipid matrix.
The hydrophobic ion-pair technique was employed to modify the salt solubility. The most
suitable ion-pair (flunarizine-counterion) complex was investigated by DoE. Citric,
oxalic and sorbic organic acids at different molar ratios (1:1, 1:2 and 1:4) were examined.
The complex binding efficiency was measured by UV spectrophotometry. The solid-state
complexes were analyzed by spectroscopic and calorimetric analysis. Nanostructured
lipid carriers (NLCs) were prepared from the solid lipid Gelucire® 44/14 and the liquid
lipid Miglyol® 812. Gelucire® 44/14 was selected to provide a sustained drug release
profile. A fusion-emulsification preparation method combined with a low-energy
injection technique was used to prepare the NLCs. Design and optimization of the
nanocarriers was performed using DoE, where different concentrations of the two lipids

and of a surfactant mixture were tested.

Paper VI (in progress) in collaboration with Professor Romana Zelké of Semmelweis

University concerns the preparation of nanofiber-based ocular inserts for MEL delivery.



The production of the nanofibers was carried out using the electrospinning technique.
Composite nanofibers were prepared from two polymers of different nature, hydrophobic
PLA and hydrophilic PVA. Both nanofibers were loaded with MEL at different
concentrations (0.1, 0.3 and 0.5 %wt). The addition of the permeation enhancer Tween®
80 (0.5% wt) was investigated. The nanofibers morphology was examined by scanning
electron microscopy (SEM). Release profiles was monitored by UV spectrophotometry.
Preliminary results showed different dissolution rates of the nanofibers. PVA due to its
high solubility in aqueous medium showed immediate MEL release, unlike PLA that
provided sustained drug release. The electrospinning technique was effectively used to
produce MEL-loaded nanofibers that could be interesting vehicles for MEL ocular

delivery.



CHAPTER I: General Introduction



1. NEURODEGENERATIVE OCULAR DISEASES

The human eye is a sense organ in intimate connection with the brain so much to be
considered as a brain extension. In fact, both the brain and the retina originate from the
neural tube and are made up of neurons. Retina, an integral part of the brain, is a tissue of
nervous origin that forms the innermost layer of the eyeball. This membrane contains two
types of light-sensitive cells, the photoreceptors properly called cones and rods. This
structure acts as a transducer, capturing light stimuli, processing them and converting
them into bioelectric signals. These are responsible for visual interpretation and are
transmitted via the optic nerve fibers to the brain structures of the central nervous system
(CNS) (Marchesi et al., 2021).

In order to safeguard the neuronal environment, the eye and the CNS are protected by
physiological barriers consisting of non-fenestrated endothelial cells connected by tight
junctions, the blood-retinal barrier (BRB) and the blood-brain barrier (BBB) respectively.
Any insult to the optic nerve or CNS results in axonal degeneration, resulting in localized
oxidative stress, reduction of neurotrophic factors, toxic levels of neurotransmitters and
generally disruption of the physiological environment and neurotoxicity. The resulting
neurotoxic environment is unsuitable for neuronal regeneration; therefore, chronic eye
diseases such as glaucoma, age-related macular degeneration (AMD), diabetic
retinopathy (DR) and retinitis pigmentosa (RP) over time can lead to progressive vision
loss and irreversible impairment of neurons, whereby the most critical consequence could
be irreversible blindness (Jindal, 2015).

Although the molecular basis of neurodegenerative diseases remains unknown, it is clear
that the incidence and prevalence of these dysfunctions have multifactorial origins. Age

remains the primary risk factor, but there are several etiological determinant causes,

10



including excitotoxicity, cellular oxidative stress, neuroinflammation, abnormal protein
deposition in neuronal tissue, proteolytic degradation, dysregulation of ocular
hemodynamic parameters, genetic polymorphisms and aberrant cell signaling pathways

(Gupta et al., 2016).

2. THE ROLE OF OXIDATIVE STRESS AND MITOCHONDRIAL

DYSFUNCTION

Oxidative stress plays a key role in the onset of inflammatory processes that lead to
neuronal degeneration. The main causes of oxidative stress in the ocular structure include
three critical factors:

- genetic disorders;

- excessive exposure to oxidative stress factors;

- ageing.
The reason for neurodegenerative diseases are often associated with advanced age is due
to morphological and functional alterations in mitochondrial structures. Mitochondrial
dysfunctions contribute to the pathogenesis of several neurodegenerative disorders.
Mitochondria play several important roles such as ATP production, control of cell
metabolism and regulation of programmed cell death. Recent studies have reported that
the RPE of the elderly has reduced mitochondria, both in number and size. These cell
organelles consist of two membranes, inner and outer, which delimit two distinct regions,
the inner mitochondrial space and the matrix where the mitochondrial DNA (mtDNA) is
located. The inner membrane is characterized by invaginations (cristae) that, by
increasing the surface area, allow efficient packing of the electron transport chain (ETC).

The ETC comprises multisubunit complexes (I to 1V) involved in the generation of

11



adenosine triphosphate (ATP) via oxidative phosphorylation. Although under
physiological conditions ROS contribute positively in cell signaling, their overproduction
leads to imbalances resulting in molecular damage to mtDNA, lipids and proteins.
Mitochondria homeostasis is regulated by multiple processes that preserve their integrity,
and the disruption of one of the pathways involved can lead to the onset of various
pathologies. The main regulatory processes are fusion, fission, biogenesis, mitophagy and
the coordinated expression of nuclear and mitochondrial DNA genes (Ferrington et al.,
2020).Under senescent conditions or exposure to oxidative stress factors, mitochondria
undergo a progressive decline in metabolic functions. Consequently, their ability to repair
mtDNA damage is reduced, and mitochondria become increasingly susceptible to ROS
damage. The eye, being a metabolically active structure, is also affected by these
dysfunctions. Although the highest metabolic activity occurs on the ocular surface
(cornea and conjunctiva) which is the most exposed part of the eye, the inner tissues
(retina and optic nerve) are also susceptible due to oxidative stress (Williams, 2008).
The visual system is among the most energy-consuming brain systems. Energy, in terms
of ATP, sustains multiple neuronal functions and is generated via two pathways:
glycolytic and oxidative metabolism. The most efficient ATP production occurs in the
mitochondria via the oxidative pathway. Since energy metabolism is regulated by factors
such as blood flow, glucose uptake and oxidative metabolism, deficits make the visual
system vulnerable (Wong-riley, 2010).

Among body tissues, the retina and retinal pigment epithelium (RPE) demand the highest
oxygen requirements and derive their main energy sources from the mitochondria. Their
survival is strictly co-dependent so much that they exchange energy substrates useful for

providing vital functions. Therefore, in the case of metabolic deficits, the close
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relationship between the two tissues involves damage extension. When blood flow

decreases and oxygen levels fall below a critical level in one of the two tissues, the other

one also suffers and a hypoxic condition occurs, leading to apoptotic cell death (Bilbao-

Malavé et al., 2021).

3. MITOCHONDRIAL DYSFUNCTION IN RETINAL DISEASES

There is growing evidence to support an existing association between mitochondrial

dysfunction caused by oxidative stress and retinal degenerations, including DR, AMD

and glaucoma (Barot et al., 2011). Although these pathologies share imbalances in

mitochondrial dynamics, they affect different subcellular structures (Figure 1).
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Figure 1. Involvement of stress-induced mitochondrial dysfunction in retinal diseases
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To better understand the role of mitochondrial dysregulation on the antioxidant defences
of retinal cells, a brief overview is given below to comprehend the mechanistic basis
through which oxidative stress could induce retinal damage in these different pathologies.
DR is the most common microvascular complication of diabetes mellitus that involves
BRB impairment. The manifestation of non-proliferative DR is macular edema,
characterized by thickening of the retinal blood vessels, increased capillary permeability
and fluid accumulation in the retina. In some cases, progression of the disease leads to
proliferative DR, which induces neovascularization. The severity of the disease is
correlated with the duration of diabetes, and chronic oxidative stress conditions induced
by hyperglycemia, or other risk factors such as hypertension and dyslipidemia, trigger
various biochemical and physiological events resulting in microvascular damage and
retinal dysfunction. Metabolic disorders caused by hyperglycemia (such as activation of
protein kinase C (PKC), advanced glycation end products (AGESs) and increased activity
of the polyol pathway) are factors mediating oxidative stress (Barber and Baccouche,
2017). Cytosolic ROS are critical mediators in the activation of several pathways
implicated in the pathogenesis of DR. Chronic ROS overproduction in the retina results
in: downregulation of antioxidant enzymes expression, release of proinflammatory
cytokines and vascular endothelial growth factor (VEGF) and premature apoptosis of
retinal cells (Kowluru and Abbas, 2003)(Madsen-Bouterse et al., 2010)(Kan et al., 2017)
(Masuda et al., 2017)(Cecilia et al., 2019)(Ain et al., 2020). Therefore, it is obvious that
hyperglycemia-induced oxidative stress is a critical instigator of mitochondrial
dysfunction which leads to the onset of DR.

AMD is the leading cause of visual disability. Manifestations in the early stages are the

appearance of small drusen (yellow deposits of lipids and proteins under the retina) and
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RPE focal anomalies; AMD in advanced stages can evolve into dry (atrophic) AMD
characterized by photoreceptor and RPE atrophy, or wet (neovascular) AMD
characterized by choroidal neovascularization. Both atrophic and exudative forms lead to
severe impairment of visual function (Mitchell et al., 2018). It is an etiologically complex
multifactorial disease with numerous epidemiological risk factors, some modifiable (e.g.,
body mass index, cigarette smoking, lipidemia and cholesterolemia levels, hypertension,
and an antioxidant-poor diet), others non-modifiable, related to genotype (sex, ethnicity,
and age). Age, as the name of the disease itself indicates, is the primary risk factor; with
ageing, mitochondria suffer both structural (such as partial or total loss of mitochondrial
cristae) and functional (due to the imbalance between antioxidant and ROS levels)
alterations, resulting in damage to mtDNA. (Kasahara et al., 2005)(Somasundaran et al.,
2020). The RPE, which in physiological conditions obtains energy entirely via the
oxidative pathway of mitochondria, is forced to obtain its energy demand from glucose
generated by glycolysis. This bioenergetic crisis is responsible for photoreceptor and RPE
cell death (Marazita et al., 2016).

In addition to risk factors, genetic susceptibilities known to contribute to the etiology of
AMD were identified in individuals with polymorphisms of a protein localized on the
mitochondrial membrane or point mutations in mtDNA (Jones et al., 2004)(Kanda et al.,
2007)(Fritsche et al., 2008)(De Angelis et al., 2017).

Although the connection between ROS overproduction, functional and structural
alterations of mitochondria in the RPE and lesions/mutations of mtDNA have been
described, the mechanisms of onset and progression of AMD need further investigation.
Glaucoma is a neurodegenerative disease of the optic nerve. Death of retinal ganglion

cells (RGCs) and their axons leads to progressive loss of visual function. Mitochondria
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are densely distributed around the optic nerve where oxygen demand is elevated. For this
reason, they provide a high ATP requirement to ensure proper function (Bristow et al.,
2002). The main risk factor for glaucoma is increased intraocular pressure (IOP). In a
study conducted by Ju et al. was demonstrated that high-hydrostatic pressure environment
induces fission and alteration of the cristae on the external membrane of RGC cell
mitochondria resulting in apoptosis (Ju et al., 2007)(Chrysostomou et al., 2013).
However, the control of this parameter alone does not exclude disease progression. Age
Is also a risk factor, and as we have seen above, mitochondrial function tends to decline
with age, suggesting mitochondrial involvement in the disease (Lee et al., 2011).
Mitochondria function may also be impaired by mechanical stress and acute systemic
hypotension. A higher incidence/prevalence of glaucoma was observed in individuals
where low systemic arterial pressure combined with high IOP and reduced ocular
perfusion pressure coexisted. Reduced ocular blood flow to the optic nerve head causes
oxidative stress damage, which results in axon ischemia and RGC atrophy (Costa et al.,
2014).

Genetic susceptibility also plays an important role in glaucomatous pathogenesis. Genetic
mutations in mtDNA or nuclear DNA coding for mitochondrial proteins could contribute
to the development of functional/structural alterations in mitochondria, increasing
susceptibility to RGC loss in glaucoma (Cipolat et al., 2006)(Chen et al., 2006)(So et al.,
2008)(Zanna et al., 2008) (Mariappan et al., 2009)(Goto et al., 2009)(Wolf et al.,
2009)(Bougaki et al., 2010).

In summary, oxidative stress and associated mitochondrial dysfunction (congenital or
acquired) are critical factors implicated in the pathophysiology of neurodegenerative

retinal diseases. Thus, counteracting stress could be a very useful therapeutic goal.
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4. NEUROPROTECTIVE AGENTS AGAINST OXIDATIVE DAMAGE

Despite neurodegenerative diseases representing a major global problem, the current
pharmacological treatments suffer from limitations that have prompted research towards
the development of innovative neuroprotective therapies. Neuroprotection is a therapeutic
approach which can change the progression of these conditions. Neuroprotective agents
can prevent cell death, restore the function and number of damaged neurons and so delay
disease progression (Monteiro et al., 2017). As we have seen, oxidative stress plays a key
role in triggering mitochondrial damage. Since the pathogenesis of neurodegenerative
diseases is partially attributed to mitochondrial alterations, functional repair of
mitochondria should be considered a potential treatment approach. So an appropriate
strategy to improve the course of such retinal degenerations could be to maximize the
protection of mitochondria against oxidative damage (Williams, 2008).

This hypothesis is supported by the neuroprotective effect that antioxidants have shown
in reducing the negative effects of oxidative stress in such pathogenic conditions
(Komeima et al., 2006). Currently, the literature showed an increased interest in natural
compounds, hormones and calcium channel blockers (CCBs).

Natural products with antioxidant and anti-inflammatory properties are potential
candidates as neuroprotective agents for the management of neurodegenerative disorders
(Sharifi-Rad et al., 2020). Phenolic compounds are the most common secondary
metabolites of plants and are classified into phenolic acids, flavonoids, tannins and
stilbenes (Alara et al., 2021). Phenolic acids are the most popular bioactive compounds
and are gaining increasing interest in the prevention and treatment of neurological
diseases due to their antioxidant, anti-radical and neuroprotective properties (Szwajgier

et al., 2017). Phenolic acids can be distinguished into two classes: benzoic acid (gallic
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acid and cinnamic acid (ferulic and coumaric acid) derivatives. Cinnamic acid and its
derivatives exhibit anti-inflammatory properties that are attributed to their ability to
suppress the production of inflammation mediators such as the cytokines IL-6, IL-1p, and
TNF-a, prostaglandin E2, and the enzymes COX-1 and COX-2 (Alam et al., 2016).

The neuroprotective effects of ferulic acid (FA) were tested in ischemia/reperfusion-
induced brain injury, where the molecule was able to contrast oxidative stress-mediated
apoptosis (Cheng et al., 2008)(Ren et al., 2017).

Given its promising neuroprotective properties, FA has recently been investigated for the
management of ocular neurodegenerative diseases. Administration of this polyphenol
showed protective effects on several models, including: retinal degeneration, injury,
inflammation, and hyperglycemia of the human retinal pigmented epithelial cell line
(ARPE-19 cells) and retinitis pigmentosa (RP) (Kohno et al., 2020)(Sun et al., 2021)(Zhu
et al., 2022). The application of natural antioxidant molecules such as FA has proven to
be a suitable strategy to inhibit the cell death cascade and protect the integrity of ocular
tissues from oxidative injury. For this reason, FA was selected as one of the active
molecules to be delivered in the following thesis project.

Recent studies have highlighted potential neuroprotective effects of hormones, arousing
growing interest in their use as agents in the management of neurodegenerative diseases.
Several preclinical studies reported that thyroid, pituitary, pancreatic and several sex
hormones, some also known as neurosteroids as they are produced by brain cells, showed
neuroprotective activities (Shin et al., 2004) (Duarte et al., 2008)(Sanders et al.,
2010)(Fanne et al., 2011)(Mancini et al., 2013)(Bunevicius et al., 2015)(Toro-Urrego et

al., 2016)(Céspedes Rubio et al., 2018)(Peng et al., 2018).
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The protective effects of neurosteroids have also been demonstrated at the retinal level in
models of ischemia-reperfusion-induced damage (Bucolo and Drago, 2004).

The production and levels of neurosteroids are in turn regulated by another hormone,
melatonin. Melatonin is a neurohormone secreted by the pineal gland involved in the
regulation of many biological functions such as circadian rhythm, energy metabolism and
hormone secretion (Cipolla-Neto et al., 2022). In this regard, it has been extensively
studied as a potential neuroprotective agent, becoming one of the most widely used
substances in recent years. This hormone is also released from extra-pineal tissues (such
as the brain, lens, ciliary body and retina), where, it is generated in response to stress
factors and acts as an antioxidant and anti-inflammatory agent (Tan et al., 2007).

The synthesis of this molecule takes place in the mitochondria, whose physiological
functions are preserved by the beneficial properties locally exerted by this molecule (Tan
et al., 2013). By preserving the mitochondrial membrane potential, melatonin prevents
release of cytochrome c into the cytoplasm and consequently inhibits apoptotic processes
(Yang et al., 2015). Numerous experimental trials have tested the antioxidant, anti-
apoptotic and anti-inflammatory properties of melatonin on ischemic stroke models, and
its neuroprotective action has been confirmed(Chern et al., 2012)(Li et al., 2014)(Paredes
etal., 2015)(Wu et al., 2017)(Zhao et al., 2018).

In recent decades, the beneficial properties of melatonin have also been exploited in the
treatment and prevention of neurodegenerative eye diseases. Melatonin's ability to
prevent oxidative damage and associated mitochondrial dysfunction has proven to be a
useful approach in the management of AMD, where the molecule has been able to
preserve the viability of RPE cells (Yi et al., 2005)(Mehrzadi et al., 2020). In addition to

regulating neurosteroid levels, melatonin exerts control on the expression of
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inflammatory cytokines (IL-6 and TNF-a) and pathological VEGF secretion in the retina;
therefore, melatonin could be an effective therapeutic resource in counteracting
neovascularization in proliferative DR (Ferreira de Melo et al., 2020).

Several studies have evaluated the influence of melatonin on IOP modulation. It was
found that IOP and melatonin follow inverse circadian rhythms, during the day melatonin
levels are low while IOP is high, vice versa during the night. This relationship was
confirmed by studies showing that melatonin levels were significantly altered in the
course of ocular diseases such as glaucoma (Alkozi et al., 2020). Investigations in animal
models and clinical studies proved that melatonin administration was effective in 10P
regulation (Musumeci et al., 2013)(Carracedo-Rodriguez et al., 2020). Furthermore,
neuroprotection of ocular hypertension lesions has shown added efficacy to the
therapeutic benefits of this molecule in the management of glaucomatous diseases (Gubin
et al., 2021). Collectively, these mechanisms could be useful in protecting neurons from
oxidative insults and subsequent neurodegenerative diseases; therefore, melatonin was

the second active molecule selected for this thesis work.

Another class of neuroprotective drugs are calcium channel blockers (CCBs). Calcium
signaling pathways play a crucial role in neuronal function, actively participating in
synaptic transmission. During ageing or in case of neurodegenerative diseases, neurons
suffer from energetic disorders, which also adversely affect neuronal Ca?* signaling
(Brini et al., 2014).

The neuronal energy source is exclusively ATP produced by the mitochondria; when
mitochondrial oxidative phosphorylation is impaired, neurons do not obtain energy from
glycolysis. The energy homeostasis of the mitochondria is regulated by calcium levels,

and in case of impairment they signal an increased energy demand (Duchen, 2012).
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When mitochondrial calcium levels increase, this generates an overload which
mitochondria cannot counterbalance with ATP production, resulting in structural damage
to the mitochondrial membrane and cell death. Thus, in neurodegenerative diseases, there
is a strong dependency between mitochondrial dysfunction and Ca?* dysregulation (Cali
et al., 2012). Calcium homeostasis in neurons can be regulated by L-type calcium
channels, activated at high voltage, or T-type calcium channels activated at low voltage
(Wildburger et al., 2009).

Recent studies in different models of neuronal injury have successfully demonstrated that
pharmacological interventions that modulate calcium levels, such as CCBs, attenuated
the increase in intracellular Ca?* resulting in reduced neurological damage and
neuroprotective effects (Bancila et al., 2011)('Yagami et al., 2004)(Yamada et al., 2006).
Flunarizine is dual L/T-type CCBs. This molecule was effective in protecting neuronal
cells from retinal neurotoxicity in a model of ocular hypertension-induced
ischemia/reperfusion (Toriu et al., 2000).

Since over 30 years, flunarizine has been extensively investigated in the ophthalmic field
for its neuroprotective properties. Previous studies investigated these properties and
proved the ability of this diphenylalkylamine to reduce light-induced degeneration of
photoreceptors and improve the RGCs survival when deprived of neuronal growth factor
(NGF) (Edward et al., 1991)(Eschweiler and Béhr, 1993).

Flunarizine is also known to block sodium channels and modulate NMDA secretion; these
additional beneficial effects provide support for the use of this drug in diseases affecting
RGCs (Osborne et al., 2002). Therefore, flunarizine was selected to be investigated as a

neuroprotective agent for ocular degeneration.
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Despite the many beneficial effects of these molecules, they should be able to overcome
the anatomical limitations of the ocular structures to exert therapeutic action in the

posterior eye segment.

5. DELIVERY TO THE POSTERIOR EYE SEGMENT: ROUTES OF

ADMINISTRATION AND LIMITS

Various therapeutic options are available to deliver active molecules to the posterior eye
segment, including topical, periocular (subconjunctival, sub-tenon, peribulbar, retro-
bulbar, and posterior juxta-scleral injection), systemic and intravitreal routes (Varela-
Fernandez et al., 2020). However, each route of administration presents protective
barriers, static and dynamic, that molecules must overcome to reach target tissues. The
anatomical characteristics of each barrier and their permissiveness to the passage of active
molecules - according to their molecular weight, solute charge, lipophilicity, and
molecular radius - are briefly listed below.

- Pre-corneal barrier: this is the first barrier that an eye drop applied topically to
the ocular surface encounters. When the drop is instilled, it mixes with the tear
fluid overlying the cornea and conjunctiva. The dynamics of tear fluid flow was
first studied by Mishima et al. using fluorescein as an indicator. The study showed
that the drug deposition in the conjunctival sac of a healthy subject in an upright
position has a maximum capacity of 30 L, the rest being drained at a flow rate
of about 1 pL/min, which causes it to drain towards the nasolacrimal duct
(Mishima et al., 1966). This quota of drained drug constitutes the percentage of

non-productive absorption and contributes to side effects. Another fraction of the
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instilled compound is rapidly removed from the ocular surface due to ocular
blinking.

Corneal barrier: if the compound crosses the precorneal barriers, it encounters
the cornea, which consists of five layers. Starting from the most anterior region
consists of lipophilic corneal epithelium that can be crossed by hydrophobic
compounds, Bowman's layer, hydrophilic corneal stroma made up of a fibrous
structure that affects the permeability of large molecules and constitutes 90% of
the corneal thickness, Descemet's membrane, and hydrophobic corneal
endothelium (Espana and Birk, 2020). The crossing of this complex structure
depends on the physico-chemical characteristics of the molecules, such as
molecular weight and lipophilicity. Epithelium and endothelium permit the
passage of small lipophilic molecules with a molecular weight < 500 Da, while
the crossing of the stroma is mainly dependent on the molecular weight (Edwards
and Prausnitz, 2001).

Only small molecules with optimal lipophilicity (2-3 log D) can effectively
permeate the cornea (Huang et al., 1983). Another influential parameter is the
charge of the solute, cationic compounds that bind to the negatively charged
corneal surface permeate more easily (Liaw et al., 1992). Another obstacle to
transcorneal diffusion is provided by efflux transporters on the membrane of
corneal cells, which further reduce permeation through the aqueous humor (Chen
etal., 2013).

Agueous humor: is a liquid contained in the anterior eye segment between the
cornea and the crystalline lens. In order to preserve the blood-aqueous barrier,

aqueous humor prevents the diffusion of high molecular weight molecules
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through Schlemm's canal, a venous vessel responsible for draining the aqueous
humor (Braakman et al., 2016).

Conjunctival-scleral barrier: the conjunctiva consists of an external stratified
squamous epithelium permeable by hydrophilic compounds. This epithelium is
vascularized, therefore, only compounds that avoid systemic absorption from the
conjunctival vessels can permeate the conjunctiva. The conjunctiva permits the
transit of higher molecular weight molecules (up to 20 kDa) (Huang et al., 1989).
Larger molecules show lower permeation, which is why macromolecules such as
anti-VEGF are preferentially administered by intravitreal injections. The
succeeding barrier is the sclera, which is more permissive to hydrophilic
compounds compared to the cornea and conjunctiva (Prausnitz, 1998). Molecular
weight, on the other hand, appears to be a less predictive permeability parameter
than molecular radius. A study by Ambati et al showed that at equal molecular
weight, a globular protein with a molecular radius of 5.23 nm permeated better
than a linear dextran but with a higher molecular radius (8.25 nm) (Ambati et al.,
2000). The trans-scleral permeability is also influenced by the compound charge.
The extracellular matrix of the sclera consists of collagen fibrils and negatively
charged glycoproteins, but contrary to the cornea, here the passage of positively
charged solutes is hindered by electrostatic binding (Maurice and Polgar, 1977).
Crystalline lens: this lens can act as a drug reservoir for the anterior chamber of
the eye. The crystalline lens allows the diffusion of water-soluble molecules, but
this process is compromised by ageing because the diffusion coefficient

decreases, hindering the transport of molecules (Pescosolido et al., 2016).
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Vitreous barrier: the vitreous body is a gelatinous connective tissue that
constitutes about 80% of the eyeball. It is composed of 98% water and the rest of
collagen fibers that form a three-dimensional network within which hyaluronic
acid is contained. Inside the vitreous body, two types of barriers can be
distinguished, anatomical and physiological (Peynshaert et al., 2018). The
anatomical barrier consists of the vitreous structure itself, which acts as a static
barrier. The permeation of this static barrier does not depend so much on the size
of the particles, as the pore size is large enough to allow small molecules and
antibodies to pass through, but on the surface charge. Positively charged particles
could be trapped within the vitreous by interaction with negatively charged
vitreous components (Ké&sdorf et al., 2015). The physiological (or dynamic)
barrier is regulated by the flow and clearance processes that occur in the vitreous.
The vitreous body flow is subject to convective motions regulated by the pressure
difference between the front and back of this structure (Park et al., 2005). These
fluxes are critical in determining the half-life of molecules in the eye. Small and
lipophilic molecules are eliminated from the posterior side via the BRB to the
retinal and choroidal blood circulation in a short time, large and hydrophilic
molecules instead follow the anterior route via aqueous humor flows and uveal
blood circulation and persist in the vitreous for longer times (Kidron et al., 2012).
Blood-ocular barrier: is a highly selective structure for crossing molecules and
comprises two barriers, blood-aqueous barrier and BRB. The blood-aqueous
barrier consists of the vascular endothelium of the iris and Schlemm's canal and
the epithelium of the ciliary body and is more permissive than the BRB (Yang et

al., 2020). The BRB consists of the retinal vessel endothelium (inner BRB) and
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the RPE (outer BRB), both of which are characterized by tight junctions that
restrict the passage to the retina of orally or intravenously administered drugs,
particularly hydrophilic compounds, and macromolecules (Kansara and Mitra,
2006). Also here, molecular radius is the most influential permeation factor for
retinal penetration; permeability decreases significantly as molecular radius
increases (Pitké&nen et al., 2005). Regarding lipophilicity, lipophilic compounds
cross the RPE via the transcellular pathway, while hydrophilic molecules cross it
through the tight junctions of the paracellular pathway (Diaz-Coranguez et al.,
2017). Thus, retinal permeation is elevated for lipophilic molecules and the rate

of diffusion increases as the molecular radius decreases.

Drug Permeation

Pre-corneal

Barrier \

[

Corneal
Barrier

\

Aqueous

Humor\ Y S \ /

Conjunctival- Blood-Ocular
Scleral Barrier \ Barrier
N

Cristalline || Vitreous
Lens Barrier

Figure 2. Structure of eye and physiological barriers

The routes of administration to target the posterior eye segment are distinguished in
invasive and non-invasive routes. Invasive methods of administration include intravitreal
injections/implants, which allow drugs to be administered directly into the vitreous, and

periocular injections/implants, which reach around the target site. Although intravitreal
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injection is administered directly to the vitreous body, it does not ensure that the full dose
of drug is available for pharmacological effect, since the injected drug must overcome the
above-mentioned barriers to reach the target sites (Tavakoli et al., 2020). Although these
are invasive methods, the incidence of risks associated with these techniques (retinal
detachment, cataracts, increased IOP and endophthalmitis) is low even with repeated
administrations (Lai et al., 2015). Endophthalmitis, for example, was effectively
prevented by prophylaxis with topical antibiotics (Sampat and Garg, 2010). An advantage
of intravitreal administration is to moderate systemic exposure and limit side effects.

Periocular routes are an alternative to intravitreal delivery, considered to be a good
compromise between the absence of pain associated with injection and the efficiency of
delivery to the posterior segment, particularly the external retina. Among the periocular
delivery routes, the subconjunctival one is considered the least invasive (Janoria et al.,
2007). The drug administered through the periocular pathways is applied close to the
sclera and passes through one of three routes: the direct trans-scleral pathway, the
systemic circulation through the choroid and the anterior pathway (tear film, cornea,
aqueous humor, and vitreous humor). The trans-scleral penetration route allows the
vitreous to be reached by passing through the sclera, choroid, RPE and retina (Ghate and
Edelhauser, 2006). Although the positioning of these medicines may be visible from the
outside, being away from the visual axis does not interfere with the patient's visual
function (Kompella et al., 2021). A major limitation of this method consists in the high
washout of the drug, which must cross several physiological barriers (static, dynamic and
metabolic) to reach target sites at therapeutically effective concentrations. Therefore,
providing protection to the drug against degradation and clearance could partially

improve the therapeutic efficiency of this route of administration (Hiral J Shah, 2014).
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The posterior eye segment can also be reached via the systemic route (oral or intravenous
route). Drugs absorbed in the circulation can reach the choroid via blood vessels, but due
to BRB and first-pass metabolism the amount of bioavailable drug in the target tissue is
limited (< 2%) (Weng et al., 2017). High drug concentrations are required to pass the
BRB, but on the other hand could cause systemic side effects (Hosoya et al., 2011).

The non-invasive route for excellence is topical application. This route is used to treat
disorders affecting both segments of the eye, anterior and posterior. Although the
instillation of eye drops is a painless, simple practice that the patient can self-administer
and guarantees a rapid effect, there are several disadvantages. After application, the tear
film (pre-corneal barrier) is the first obstacle that the eye drops encounter. Here,
enzymatic degradation, binding to tear proteins, short contact time with the ocular surface,
poor corneal penetration, rapid tear turnover and nasolacrimal drainage to the systemic
circulation all limit tissue bioavailability (Sebbag et al., 2020). The residual amount of
eye drops must overcome subsequent tissue barriers and non-productive systemic
absorption at the level of the conjunctiva, which represent additional obstacles.
Consequently, only a small percentage (< 5%) of administered drug is absorbed and
available to reach intraocular tissues (Djebli et al., 2017). Thus, to maintain an effective
drug regimen, the patient is obliged to correctly adhere to the therapy by applying regular
and frequent doses of medication. Poor compliance is especially controversial for patients
approaching new therapies (Reardon et al., 2011). Due to the chronicity of posterior eye
segment disorders, sustained drug delivery is required in most cases. Due to the unique
anatomy and physiology of the eye, administration to the posterior eye segment remains

a complex challenge for the pharmaceutical industry.
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Sustained drug release formulations could maintain constant drug levels at the site of
action and partly provide a solution to this problem (Abdelkader and G. Alany, 2012).
Sustained drug release could improve the patient's quality of life and bring added benefits
for both topical and intravitreal routes. For topical applications it could reduce washout,
non-productive absorption, and consequently systemic side effects (Kaur and Kanwar,
2002). In the case of intraocular delivery, which requires frequently repeated injections
to maintain therapeutic levels, it could reduce the economic costs of hospitalization.

Other strategies proposed to improve ocular delivery is the modification of formulation
parameters to develop systems with increased bioavailability and reduced side effects.
Among the methods proposed to increase drug penetration through barriers include the
addition of solubility or permeability enhancers of active molecules, viscosity or
mucoadhesive agents, vasoconstrictors, prodrugs and nanotechnology (Lanier et al.,

2021).
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Figure 3. Schematic diagram of various methods to enhance ocular drug bioavailability. Adapted from Lanier et al.,
2021.
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6. NANOMEDICINE FOR THE POTENTIAL TREATMENT OF OCULAR

DISEASES

Most drugs used in the ocular field are lipophilic molecules with a low solubility in water,
additives that enhance solubility could be useful to improve the eye drops performance.
To date, several techniques have been used to increase the solubility of poorly soluble
drugs in tear fluid. Drug-cyclodextrin inclusion complexation has been effective in
improving not only aqueous solubility of drugs, but also stability, permeability and
bioavailability (Kim et al., 2020)(Senjoti et al., 2020).

The incorporation of drugs into nanocarriers has opened a new window for modifying
drug properties. In this regard, the rational development of nanocarriers for therapy and
imaging in recent decades has contributed significantly to improving the results of ocular
delivery to the posterior segment. These nanosystems could provide an effective and
promising alternative for the management and diagnosis of ophthalmic diseases through
the ocular pathways. Various pharmaceutical strategies have been investigated to
overcome the limitations of ocular barriers and improve drug permeability to intraocular
tissues. The benefits of nanotechnology are manifold, their use has been useful in
improving drug aqueous solubility, stability, protection against chemical and physical
degradation (Gunasekaran et al., 2014). Furthermore, by modulating physico-chemical
and functional properties such as size, composition, and surface properties of
nanocarriers, it is possible to influence the fate, permeation, distribution and clearance of
therapeutics. Nanocarriers with a size between 50 and 400 nm limited ocular irritation
and were able to cross physiological barriers providing effective delivery (Silva et al.,

2021).
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Modification of the surface properties through the addition of mucoadhesive agents,
viscosifiers, penetration enhancers and polymers responsive to external stimuli (pH,
temperature, and ions) facilitated the penetration of precorneal barriers (Sai et al., 2020).
The protection provided by these modifications against tear drainage reduced systemic
absorption and side effects, and improved retention time on the corneal surface and
transcorneal penetration. This design strategy offered several advantages that,
collectively, ensured effective drug delivery to target tissues (Wang et al., 2018).

The composition of nanosystems plays an important role for encapsulation efficiency,
loading and release pattern of the drug (Razavi et al., 2022). Various materials have been
used to develop delivery systems with predictable release profiles. Polymers have a
crucial role in the functionalization of drug release from nanodevices that are highly
dependent on degradation mechanisms under physiological conditions. Depending on the
desired application, the most suitable polymers can be selected to provide a pertinent
degradability rate with the desired release profile, immediate or sustained (Visan et al.,
2021). With these arrangements, it is possible to enhance adhesion and permeation to
ocular tissues, provide targeted delivery and ensure controlled and sustained therapeutic
effects, all of which are crucial factors in increasing drug activity and bioavailability
compared to conventional drug delivery systems (Weng et al., 2017). The ability to
improve delivery to intraocular tissues reduces both non-productive systemic absorption
and adverse effects (Liu et al., 2012).

A variety of nanocarriers have been developed for posterior segment delivery, such as
polymeric and lipid NPs, hybrid NPs, nanogels, liposomes, nanoemulsions, micelles,
dendrimers and nanofibers. Table 1 lists some examples of nanomedicines designed to

treat neurodegenerative diseases affecting the posterior eye segment.
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Table 1. Management of neurodegenerative diseases affecting the posterior eye segment using nanomedicines. PubMed
database was used to perform the search that did not include time ranges. The keywords used were "nanoparticles,"
"nanofibers," "ocular", "posterior eye segment" and "neurodegenerative diseases."

Disease Type of Administration Encapsulated Excipients Reference
system route Drug
Polymeric . . PLGA (Musumeci
NPs Topical Melatonin PLGA-PEG etal., 2013)
Tween® 80 ’
Polymeric Topical Timolol Chitosan (Wadhwa
NPs Hyaluronic acid etal., 2010)
Polymeric . . Bovine serum (Radwan et
NPs Topical Tetrandrine alb_umln al., 2022)
Chitosan ’
Glyceryl
SLN _ _ o monostearate (El- _
NLC Topical Brimonidine Poloxamer® P Salamouni
188 etal., 2018)
Castor oil
Softisan 100
Didodecylmethyl
. . amonium (Leonardi
SLN Topical Melatonin bromide etal,, 2015)
Stearic acid
Palmitic acid
Glaucoma . . Phospholipon (Attama et
SLN Topical Timolol 90G al., 2009)
PLGA
PVA
Core-shell
typeNl-;))ébrid Topical Brinzolamide phospsh?':itzj(;alr(lholin ;IZ h;gzgt)
e
Cholesterol
Polyamidoamine
Dendrimer- dendrimers (Lancina et
based Topical Brimonidine conjugated mPEG
) al., 2017)
nanofibers poly(ethylene
oxide)
In situ
ellin . . . PVA Andreadis
ngnofibgrs Conjunctival sac Timolol Poloxamer® P 407 e(t al., 2022)
film
Implant of PCL
. Poloxamer® P 407 .
coaxial or Topical Acetazolamide oly (ethylene-co- (Morais et
uniaxial P poly (ethy al., 2021)
fibers vinyl
acetate)
Polymeric . PLGA Zeng et
\Ps Topical IL-12 PVA a(l., 2319)
DR . PLGA .
Polymeric Subconjunctival ~ Bevacizumab Chitosan (Pandit et
NPs PVA al., 2021)
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Polymeric . . PLGA (Qiuetal.,
NPs IVT injection Fenofibrate PVA 2019)
Stearic acid
Sodium
. . . taurodeoxycholat  (Cavalli et
SLN Topical Pilocarpine o al., 1995)
Purified egg
lecithin
Gelucire® 44/14
Compritol® 888
SLN IVT injection Etoposide ATO (Qhr;gtljge)t
Tween® 80 !
Mannitol
Softisan® 100
Didecylmethylam .
SLN IVT injection SIRNA onium (Amadio et
. al., 2016)
bromide
Tween® 80
. PLGA .
Polymeric Topical Sirolimus PVA (Suri etal,
NPs ) 2021)
Chitosan
Polymeric L (Bhatt et
NPs IVT injection Resveratrol PLGA al., 2020)
Polymeric o o PLGA (Narvekar
NPs IVT injection Axitinib PVA et al., 2019)
Compritol® 888
AMD ATO
. . Phospholipon 90  (Yadav et
SLN Topical Atorvastatin Poloxamer® P al., 2020)
188
PEG 400
e (Sunny
SLN Topical Lutein Ge'ﬁc"en‘;‘g 14 Shahetal,
wee 2022)
Chitosan
Cholesterol
Hyaluronic acid
Core-shell . . .
. . . . 1,2-dipalmitoyl-sn-  (Liuetal.,
typeNI—Fi)gbrld Topical Moxifloxacin glicero-3- 2018)
phosphoethanolami
ne
Intraocular o
inflammation . val - Egg phospholipid :
Insert Conjunctiva Fluocinolone PCL (Singla et
sac Acetonide al., 2019)
Eudragit S100
Conjunctival  Triamcinolone Zein (Mirzaeei
Insert Acetonide Chitosan etal., 2018)
Sac PVP ")
PVA
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Poly(1,4-butylene

succinate
. . L inulin R
Conjunctival  Triamcinolone (Di Prima

: a,B-poly(N-2-
sac Acetonide hydroxyethyl)-D,L - etal., 2019)

aspartamide
heparin

Insert

Chitosan
Hyaluronic acid
. Core-shell Chplesterol
Retinal tvoe Hvbrid VT iniection i 1,2-dioleoyl-sn- (Ganetal.,
delivery yp pr ! glicero-3- 2013)
S phosphoethanolami
ne
Egg phospholipid

Chitosan
Egg phospholipid
Cholesterol (Jiang et
1,2-dioleoyl-3- al., 2012)
trimethylammoniu
m-propane

Core-shell
Gene therapy  type Hybrid Topical pDNA model
NPs

The following sections will provide applications of the nanosystems investigated in this

thesis project.

7.1. Polymeric nanoparticles

Polymeric NPs are particle systems with an average diameter between 10 and 1000 nm.

Such nanoscale size facilitates permeation to intraocular tissues (Chen et al., 2018).

NPs can be prepared from polymeric materials of natural or synthetic origin. Natural
polymers of animal or plant source often used in ophthalmic preparations are chitosan,
hyaluronic acid, sodium alginate and sodium carboxymethyl cellulose. However, due to
batch-to-batch variations, synthetic polymers have attracted particular interest due to their
reproducibility in production. Among the synthetic polymers used for ocular delivery are
polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(ethylene glycol)
(PEG), polyoxamers (Pluronic), poly(e-caprolactone) (PCL), poly(vinyl alcohol) (PVA)

and polyvinylpyrrolidone (PVP).
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All these synthetic polymers have excellent biocompatibility and safety and have been
approved by the Food and Drug administration (FDA) for drug delivery and other clinical
applications. An added value of these polymers is their biodegradability; the body
metabolically decomposes them into non-toxic products. For ocular implants, the use of
these biodegradable compounds has been a revolution, as it has eliminated the need for
surgery to remove them (Kimura and Ogura, 2001).

To deliver the colloidal nanosuspension to the intraocular tissues, direct administration to
the posterior segment (intravitreal or subretinal injection) can be used, or if the topical
route is preferred, systems with functionalized surfaces provide a longer retention time

and more effective permeation (Lynch et al., 2019).

The surface engineering of NPs allows them to satisfy the most suitable requirements for
the intended application. Nevertheless, it should be highlighted that some polymers by
themselves exhibit mucoadhesive or mucopenetrating characteristics. By modulating the
surface charge of NPs, it is possible to obtain cationic particles with mucoadhesive
properties, which are immobilized within the mucus gel layer, or anionic or uncharged
particles with mucopenetrating properties, which easily diffuse through the mucous

membranes (Netsomboon and Bernkop-Schnrch, 2016).

Permeation enhancers are mucopenetrating molecules that can improve the passage of
poorly permeable membranes such as the cornea. These molecules act through three
mechanisms: by altering the precorneal barrier (tear film and mucous layer), loosening
tight junctions, and modifying lipid bilayers of epithelial cell membranes (Moiseev et al.,
2019). NPs consisting of PLGA, PCL, poloxamers, and chitosan polymers showed
effective transcorneal permeation and improved drug ocular bioavailability (Valls et al.,

2008)(Yeh et al., 2011).
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In contrast, agents with mucoadhesive properties are advantageous for providing
prolonged retention times on the ocular mucosa. Alginate, hyaluronic acid, cellulose
derivatives, chitosan, and poloxamers are known for mucoadhesive properties and
prolonged contact time with corneal tissues and conjunctival epithelium (Bir6 and Aigner,
2019).

In addition to being mucopenetrating agents, poloxamers also exhibits mucoadhesive
characteristics; they are thermosensitive polymers that undergo thermal gelation in the
temperature range 25-35 °C. The sol-gel transition of poloxamers is concentration-
dependent; therefore, the total polymer content may need to be increased to contrast the
dilution effect of tear fluid (Edsman et al., 1998). High initial concentrations (>3% w/v)
can cause hyperglycemia in the eye or gel formation at room temperature. To overcome
these limitations and exploit the benefits of such polymers, poloxamers are often used in

combination with cellulose derivatives (Kurniawansyah et al., 2020).

PEG is an uncharged hydrophilic polymer that exhibits a dual character depending on
molecular weight. Low molecular weight PEG coatings (<5 kDa) conferred
mucopenetrating properties to the systems, conversely by increasing the molecular weight
of polymer the NPs were immobilized in mucus due to steric interactions of the PEG

chains with mucus (Lai et al., 2009).

PVA also showed ambivalent properties, dependent on the degree of hydrolysis and the
type of coating (covalent or non-covalent) with the NP surface. NPs with non-covalent
coating and degree of hydrolysis between 75-95 % promoted mucus crossing, conversely
those that were non-covalently bonded possessed mucoadhesive properties (Popov et al.,

2016).
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Polymer NPs can deliver active molecules on their surface by adsorption/ entrapment, or
within the polymer matrix by encapsulation (Chen et al., 2018). The disposition of the
drug in NPs is one parameter that influences release kinetics, Usually the burst effect
occurs when the drug is located close to the surface. However, the parameters that
influence burst release profiles depend on several impact factors. Burst release is
accentuated by the low molecular weight of the polymer, the high porosity of the polymer
matrix, the small diameter of the NPs, the aliphatic properties of the drug (hydrophobic
drugs with high affinity for the polymer matrix follow a slow initial release), the
encapsulation efficiency, and the initial drug loading (Rodrigues de Azevedo et al., 2017).
The parameters that influence release kinetics mainly depend on polymer degradation
mechanisms. Drug release from polymer matrices can occur by polymer diffusion,
degradation, or a combination of the two. If the drug is well immobilized inside the
matrix, release will depend on polymeric erosion. Polymer degradation can be bulk, when
it involves hydrolysis of the entire matrix and not occurring at a constant rate, or
superficial, when it starts from the outermost layers and proceeds at a constant rate
allowing more predictable drug release kinetics (Burkersroda et al., 2002). Parameters
that influence the degradation rate include, for example, the molecular weight and degree
of crystallinity of the polymer, the composition of the copolymer, the nature of the
incubation medium, the presence of specific enzymes, and the autocatalysis induced by
the acid degradation products (Bohr et al., 2017)(Azimi et al., 2014).

Methods to design ocular delivery devices based on polymeric NPs are innumerable, and
tuning key parameters such as size, charge and functionalization of surface, choice of
polymers, suspension media and route of administration is useful to develop appropriate

carriers for the desired therapeutic target.
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7.2. Lipid nanoparticles

Lipid NPs are divided into two classes: solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs). SLNs constitute the first generation of lipid-based
NPs and range from 50-1000 nm in average diameter (Goyal et al., 2016). SLNs are
composed of solid lipids melting at temperatures above 40 °C such as triglycerides, partial
glycerides, fatty acids, steroids, and waxes. They offer numerous advantages such as the
ability to encapsulate hydrophilic and lipophilic drugs and preparation methods suitable
for industrial scale-up not needing organic solvents. The starting materials are
biodegradable, biocompatible, and provide excellent in vivo tolerability (Wang et al.,
2018). SLNs possess mucoadhesive properties which facilitate interaction with the ocular
mucosa and promote trans-scleral absorption due to enhanced phagocytosis of epithelial
cells. Drug delivery by SLNs ensured high therapeutic levels in intraocular tissues
(vitreous body and retina), resulting as ideal carriers for delivery to the posterior segment
(Chetoni et al., 2016).

In addition to their ability to cross barriers, lipid carriers promote delivery and release to
the target site to improve therapeutic efficacy. Delivery of chemotherapeutic drugs in
SLNs has shown superior effects compared with conventional delivery, reducing side
effects and improving drug delivery to the target site (Ahmad et al., 2019).

Despite this, such systems show poor loading capacity (~25 % of the lipid matrix), initial
burst release for hydrophilic drugs, and high drug expulsion during the storage period
attributable to the lipids polymorphic transitions (Bachu et al., 2018).

To overcome the limitations associated with SLN, second-generation of lipid NPs
consisting of a mixture of solid and liquid lipids, have been developed, the NLC. The

addition of liquid lipids allows systems to contain a greater amount of drug and prevents
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polymorphic changes during storage (Vieira et al., 2020). By controlling the composition
of the mixture between solid and liquid lipids, it is possible to modulate the encapsulation
efficiency and release profiles, resulting in better performance compared with SLNs. In
addition, liquid lipids also provide NLCs with superior capabilities in terms of corneal
retention and penetration than previous generation (Balguri et al., 2016).

To further enhance absorption to intraocular tissues, both lipid carriers have been
effectively coated with cationic lipids (e.g., cetyltrimethylammonium bromide (CTAB),
dimethyldihydecalammonium bromide (DDAB)) to increase electrostatic interaction with
the anionic ocular surface, or with mucopenetrating polymers (such as chitosan and PEG)
to obtain greater transcorneal penetration (Joana F. Fangueiro et al., 2014)(Fangueiro et

al., 2016)(Luo et al., 2011)(Lakhani et al., 2019).

In addition to increasing the interaction with the corneal epithelium, the coating with
hydrophilic polymers confers the nanocarriers "stealth" effect which prevents interactions
with degradative enzymes, oxidative agents and opsonins in the blood serum. The steric
barrier that polymers form on the surface of NPs makes them "invisible™ to phagocytes.
The reduced clearance and increased circulation time contribute to increased therapeutic

efficacy (Salmaso and Caliceti, 2013).

Generally, lipid-based preparations are ideal candidates for delivery to the posterior eye
segment because of their nontoxicity, scalability of industrial production, facilitated
corneal penetration, and improved bioavailability of poorly water-soluble and poorly
permeable drugs (BCS class Il and 1V) (Teixeira et al., 2017). These advantages could be
attributed to the use of GRAS (Generally Recognized as Safe) lipid components with high

solubilizing properties (Battaglia et al., 2016).
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7.3.Hybrid Nanoparticles

Lipid-polymer hybrid nanoparticles (LPHNSs) are next-generation NPs that combine the
biomimetic benefits of lipid NPs with the structural benefits of polymer NPs to overcome
the challenges associated with the individual carriers. They generally consist of a
biodegradable polymeric core that provides high drug loading, controlled and sustained
drug release profiles, and a lipid coating shell that improves corneal tissue penetration,
confers stability and biocompatibility (Jose et al., 2018).

The polymer core and the lipid shell interact through covalent interactions if the polymer
core is hydrophilic, conversely through noncovalent interactions (electrostatic,
hydrophobic, and Van der Waals forces) if polymer core is hydrophobic (Mendozza et
al., 2019). Based on the structural organization of the lipid and polymer components,
several classes of LPHNSs are distinguished: polymer core lipid shell, core-shell type
LPHN, erythrocyte membrane-camouflaged polymeric NP, monolithic LPHN e polymer-
caged liposomes (Mohanty et al., 2020). These carriers offer advantages in the control of
average particle size, good physical and plasma stability, high loading of both hydrophilic
and hydrophobic drugs, easy formulation with biodegradable polymers and lipids,
controlled and sustained drug release kinetics, and physiological, biocompatible, and
biodegradable improved properties. The application of such systems has been useful for
targeting specific targets, for siRNA delivery, for bioimaging, and for delivery of drugs
alone or in combination. In fact, the hybrid nature of these carriers allows simultaneous
delivery of water-soluble drugs, in the polymer matrix, and water-insoluble drugs, in the

lipid shell (Aryal et al., 2010).

LPHNSs also show a combination of attributes between lipid and polymer NPs in drug

release kinetics. The release profiles from LPHNs are affected by the size of the carriers,
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the choice of starting components, the solubility of the drug, its disposition into the NP,
and the type of encapsulation, physical or chemical (Saurabh Shah et al., 2022).
Lipophilic molecules that interact with lipid coating result in high drug loading and
prolonged release profiles (Cheow and Hadinoto, 2011). Regarding drug disposition, the
release profiles of drugs physically encapsulated in the polymeric core are governed by
the degradative mechanisms of the polymer, the drug diffusion through the matrix, and
the thickness of the lipid layer, which slows the degradation rate by limiting the water
uptake into the LPHNs (Hadinoto et al., 2013). Instead, the drug release profiles of
chemically encapsulated molecules depend on linker hydrolysis (Dave et al., 2019).
Generally, LPHNs provide sustained release kinetics over time. For example, Shi et al.
were able to achieve long-term gene silencing by siRNA release sustained for more than
one month (Shi et al., 2014).

The lipid coating provides several advantages to the robust core polymer structure. In
addition to acting as a biocompatible shield and barrier against rapid drug release, it also
limits drug transport to the external environment during the preparation phase of LPHNSs,
enhancing drug encapsulation. Another key role of the lipid layer is as an anchor function
for ligands used to engineer the surface of LPHNs (Cheow and Hadinoto, 2011).

The possibility of surface functionalization adds further benefits to LPHNSs, and the most
commonly used moiety in these systems is PEG again. In addition to the well-known
mucopenetrating, mucoadhesive, and stealth effects, the lipid-PEG external layer permits
further LPHNSs engineerization with target ligands such as antibodies, peptides, aptamers,
and small molecule (J. M. Chan et al., 2011)(Hu et al., 2010). Hyaluronic acid, for
example, has been used as a ligand to target the CD44 receptor, which under

inflammatory conditions is overexpressed in epithelial cells of the cornea, conjunctiva
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and RPE (Gan et al., 2013)(Liu et al., 2018). Surface charge also plays a critical role in
the performance of LPHNs in vivo. Cationic lipids have been used to form a shell on
LPHNSs able to enhance ocular gene transfection efficiency (Jiang et al., 2012). Negative
particles with diameter <200 nm showed increased internalization, cellular uptake and
prolonged circulation times in the target tissue (Duan et al., 2017).

Due to their manifold advantages, LPHNs have emerged as promising delivery systems

in the ocular field.

7.4. Nanofibers

Nanofibers present diameters in the nanometric range between 1 and 100 nm. The high
surface area-to-volume ratio increases the drug loading capacity; nanofibers with
diameters of 100 nm can provide up to 1000 m?/gr of surface area (Deepak et al., 2018).
They are produced from high viscosity fluid polymers by the process of electrospinning.
Polymeric solutions can be obtained by heating melting or dissolution in appropriate
solvents. The application of high voltage (between 5-30 kV) results in the elongation of
polymer solutions electrified by a metal needle acting as an electrode, giving a conical
shape known as a Taylor cone (Taylor and A, 1969). The jet coming out of the needle is
accelerated by the electric field and directed toward the collector. In the process, the
solvents used during preparation evaporate, and the resulting solid fibers can be collected
by the collector (Islam et al., 2019). The electrospinning process is highly flexible,
offering the advantage of modulating critical process parameters to obtain nanofibers for
the desired application. The morphology and diameter of the resulting nanofibers are

controlled by three factors:
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- polymer solution parameters (viscosity, surface tension, conductivity, molecular
weight and polymer concentration);
- process conditions (voltage, flow rate and distance between the needle and the
collector);

- environmental conditions (temperature and relative humidity).
Regarding polymer solution parameters, polar solvents and ionic compounds can increase
the electrical conductivity and thus reduce the diameter of nanofibers, vice versa to
surface tension, which generally betters the electrospinning process when the values are
not too high (Haider et al., 2018). Viscosity is a critical parameter for a successful
spinning procedure. Molecular weight and polymer concentration are both influential
factors on viscosity, and an increase in them is proportional to an increase in viscosity.
Generally spinning processes of polymer solutions with viscosities between 1 and 20
poise and surface tension of 35-55 dynes/cm resulted in smooth, uniform nanofibers
(Huang et al., 2003). One strategy to optimize these parameters is the use of surfactants.
Adding surfactants to the polymer solution could increase electrical conductivity, reduce
surface tension, and increase viscosity (Jia and Qin, 2013). Uniform and small-diameter
nanofibers were obtained using different surfactants (cationic, anionic, and nonionic)
(Zeng et al., 2003).
Process parameters are similarly critical. Nanofibers with small diameters were obtained
by applying high tensions; however, very high tension values failed for proper
evaporation of the solvent and resulted in nanofibers with larger diameters (Bhardwaj and
Kundu, 2010). Slow flow rates allowed an effective solvent removal and were useful for
obtaining uniform and thin nanofibers (Sun et al., 2019). Solvent evaporation is also

affected by distance; generally long distances resulted in small, uniform and without
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morphological imperfections fibers. Although too long distances reduced the effect of the
electric field and resulted in fibers elongation (Hekmati et al., 2013).

The electric field and consequently the spinning process are also influenced by
environmental parameters. Generally, humidity lower than 25% resulted in smooth
nanofibers without imperfections, while values higher than 30% resulted in pores
formation on the surface (Hu et al., 2014). Temperature influenced two effects (solvent
evaporation and viscosity) that adjusted the diameter in opposite ways. High temperatures
on the one hand slowed solvent evaporation and prolonged the solidification time of
nanofibers, on the other hand reduced the viscosity and improved the elongation of the
polymer solution, resulted in thin fibers (De Vrieze et al., 2009).

So, despite these expedients, there are no always applicable rules, but each spinning
process must be optimized by finding the right balance among critical parameters
according to the investigated polymer.

Commonly used polymers can be natural (chitosan, fibronectin, collagen, gelatin, silk and
ethyl cellulose), synthetic (PLA, PLGA, PVA and PVP) or a combination of both. Unique
physical properties such as high elastic modulus, porosity, high contact time with ocular
tissues, biodegradability, and biocompatibility make polymeric nanofibers ideal carriers
for the treatment of ocular diseases. Nanofiber-based inserts are receiving a great
attention, these are biodegradable and bioerodible devices with controlled drug release

profiles and prolonged contact times on the ocular surface (Omer and Zelko, 2021).

Surface modifications of the nanofibers, such as the addition of penetration
enhancers/mucosal agents or the selection of the most suitable polymers, can bring

additional benefits to these delivery devices.

44



Coating biopolymers like natural polysaccharides (inulin and heparin) and semisynthetic
polyamino acids (o, -poly(N-2-hydroxyethyl)-D,L-aspartamide) in addition to providing
biomimetic properties were able to impart mucoadhesive properties to the nanofibrous
inserts to increase permeation through the corneal tissue (Di Prima et al., 2019).

HP-B-CD as penetration enhancer and sodium alginate as mucoadhesive agent were used
to coating nanofibers for ocular inserts (Polat et al., 2020). Although cyclodextrin
increased corneal drug penetration, resulted in swelling of polymer fibers and burst drug
release in the first two days followed by slow and continuous release up to 7 days. In
addition to being ruled by variables such as diameter, porosity, geometry and
morphology, the release kinetics of nanofibers also depend on diffusion, osmosis and

erosion mechanisms of the polymer structure (Patrojanasophon et al., 2020).

Prolonged release profiles and the use of biodegradable materials are great advantages to
reduce the frequency of administration and to improve patient compliance (Gelb et al.,
2022). Special attention could be focused on the use of nanofiber-based ocular inserts for

the treatment of chronic ocular diseases of the posterior eye segment.

7. MATERIALS SELECTED IN THIS PROJECT

Material selection is critical to obtain formulations suitable for the intended application.
In this project, selected polymers and lipids were designed to improve ocular targeting of
proposed nanocarriers. These materials show promising and interesting characteristics as

reported in the following paragraphs.

11.1. Polymers
The investigated polymers for nanosystem development in this thesis were PLA, PLGA,

PLGA-PEG and PVA (Figure 4). These FDA-approved synthetic polymers for ocular use
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are characterized by predictable properties (Allyn et al., 2022). By varying molecular
weights, structure, composition and copolymers, it is possible to regulate a wide range of
properties (degradation rates, physical and mechanical properties) that affect the
characteristics of nanosystems (size, degradation, solubility and dissolution rate) (Song
etal., 2018).

Their design advantages and the extensive exploration of these polymers for small-

molecule ocular delivery were the reasons behind the selection.
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Figure 4. Chemical structure of a) Poly-lactic acid (PLA), b) poly-lactic-co glycolic acid (PLGA), c) polyethylene
glycol-poly lactic acid-co-glycolic acid (PLGA-PEG) and d) polyvinyl alcohol (PVA).

PLA is a high-strength thermoplastic polyester polymer that exhibits desirable
manufacturing properties. It is synthesized from renewable sources such as cornstarch,
potato starch and sugarcane. Bacterial fermentation is used to produce lactic acid, which
by removal of water is converted in the lactide dimer (Martinez Villadiego et al., 2022).
Dimer polymerization can produce three stereoisomeric structures: D-PLA, L-PLA and
DL-PLA. The DL-PLA stereoisomer possesses high mechanical stability, slow

degradation rates, and excellent biodegradable and biocompatible properties as to be used
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for the preparation of intravitreal implants (Morita et al., 1998)(Fialho and Da Silva
Cunha, 2005). The slow degradation of PLA was exploited to develop Brimo DDS®, an
intravitreal implant for brimonidine delivery that recently completed phase 2 clinical
trials (Kuppermann et al., 2021).

The production of DL-PLA-based NPs for ocular drug delivery has also warranted
promising results, showing prolonged release profiles and improved intraocular

bioavailability (Ibrahim et al., 2012)(Giannavola et al., 2003).

PLA can be copolymerized with polyglycolic acid to form PLGA. Degradation of these
polyesters occurs by hydrolysis and leads to the formation of nontoxic byproducts, such
as lactic and glycolic acids, which are cleared from the body through the Krebs cycle as
water and carbon dioxide (Zou et al., 2009). During the copolymerization step, the
lactide:glycolide monomer ratios can be regulated to produce PLGA with controlled
physico-chemical properties (Tamboli et al.,, 2011). Degradation times and
hydrophobicity of polymers can be optimized by modifying monomer ratios. Higher
lactide contents exhibit a slower degradation rate of the matrix, resulting in more
sustained drug release profiles (Janoria and Mitra, 2007). In addition, degradation rates
are affected by the molecular weight of the polymer. Polymers with higher molecular
weights degrade faster compared to those with lower molecular weights (Wu and Wang,
2001). Molecular weight also influences drug loading efficiency. For both of the
polyesters discussed here, it was shown that lower molecular weights resulted in higher
drug encapsulation efficiency (Basarkar et al., 2007). Therefore, in this study to improve
encapsulation efficiency and obtain sustained release profiles, we opted for PLA and
PLGA at low molecular weights, 10000-18000 and 4000-15000 respectively. To pursue

the same goal, PLGA with lactide:glycolide ratio 75:25 was selected.
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The hydrophobic features of these polymers have been used to improve drug delivery
both via the topical route, as they facilitate permeation through the ocular mucosa, and
via the intravitreal route, as they reduce drug diffusion away from the target tissue and
provide controlled release (Duvvuri et al., 2007)(Herrero-Vanrell and Molina-Martinez,
2007)(Sah et al., 2017)(Swetledge et al., 2021). These advantages have made PLGA an
attractive polymer as an ocular delivery carrier. Intravitreal implants of PLGA (Ozurdex®
46-47 and Durysta® 48) have been approved for the treatment of neurodegenerative
retinal diseases such as diabetic macular edema and glaucoma (A. Chan et al.,
2011)(Shirley, 2020). Both implants provided a controlled release of drug for 4-6 months,
overcoming the challenges associated with frequent eyedrop administrations otherwise
required to manage chronic conditions.

PLGA can in turn be copolymerized with PEG chains to further control physical,
chemical, and mechanical properties such as stability, biodegradation, loading, and drug
release. PEG is a hydrophilic polymer composed of repeated monomeric subunits of
ethylene oxide. It possesses excellent solubility in both organic and hydrophilic solvents
(Place et al., 2009). Again, the properties of the PLGA-PEG copolymer can be influenced
by the molecular weight and relative concentrations of the starting units (Pannuzzo et al.,
2020). As seen previously according to the molecular weight of PEG it was possible to
obtain mucoadhesive or mucopenetrating properties (Lai et al., 2009). Therefore, with the
aim of improving the corneal penetration by topical formulation, PLGA-PEG copolymer
with PEG unit molecular weight of 5 kDa was selected in this project.

Conjugation of PEG to PLGA reduces its hydrophobicity. Increased hydrophilicity
improves cell adhesion and confers stealth properties to the nanosystems, reducing

clearance and prolonging the half-life in circulation of the nanosystems. PEG coatings
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sterically stabilize particles, prevent aggregation, and improve drug encapsulation by
providing a barrier against drug release. PEG coating density influences cellular uptake
and minimizes adhesive interactions between particles and mucins, improving penetration
in biological matrices like ocular mucosa (Galindo et al., 2022)(Gonzalez-Pizarro et al.,
2019). The PEG addition imparts new chemical and physical properties to the polymers,
giving additional advantages.

PVA is a thermoplastic, odorless, colorless, and water-soluble polymer. The synthesis of
this polymer is obtained from the polymerization of vinyl acetate free radicals resulting
in the formation of vinyl polyacetate. Hydrolysis of the acetate groups causes the
production of PVA. The hydrolysis process is not always complete; PVA can be obtained
at different degrees of hydrolysis: partially (80-98.5%), highly (<98.5%) and completely
hydrolyzed (Gaaz et al., 2015). In addition to the degree of hydrolysis, a wide range of
molecular weights (20000-400000) are available, depending on chain length and reaction
conditions (acidic or basic) (De Merlis and Schoneker, 2003). Hydrolysis levels and
molecular weights affect the physico-chemical properties and water solubility, however,
PVA dissolution requires prolonged times and high temperatures (< 100 °C). The
hydroxyl groups on the side chains allow the polymer to self-crosslink to form hydrogels
with soft and elastic texture, tensile strength and high flexibility. The physical properties
of PVA hydrogels similar to human tissue make it highly biocompatible (Jiang et al.,
2011). The absence of toxic effects and excellent cell adhesion have made it a widely
used polymer for several biochemical applications (Yang et al., 2004). In addition, the
appealing properties have been widely exploited in the current year for the development
of nanofibers, in situ gelling nanofiber films, and nanofiber-based implants for ocular

delivery (Taghe et al., 2022)(Mirzaeei and Barfar, 2022)(Andreadis et al., 2022).
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11.2. Lipids
Lipids have desirable attributes for the development of nanomedical products. Lipids can
self-assemble to form biologically inert NPs coatings or structures. This property prevents
the formation of nonspecific bonds with other biomolecules and consequently increases
the specificity of targeting (Mashaghi et al., 2013). Their attractive properties make them
ideal components for nanodevices. Here, the lipids selected for the development of the

proposed nanosystems were CTAB, DDAB, Gelucire® 44/14 e Miglyol® 812 (Figure 5).
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Figure 5. Chemical structure of a) Cetyltrimethylammonium bromide (CTAB), b)Didodecyldimethylammonium
bromide (DDAB), c) Gelucire® 44/14 and d) Miglyol® 812.

CTAB and DDAB are two cationic lipids also known as surfactants, with structures of
quaternary ammonium salts. They are amphiphilic molecules, consisting of a hydrophilic
polar head and a hydrophobic nonpolar tail consisting of a long alkyl chain. CTAB has a
single chain with 16 carbon atoms, while DDAB has a double chain with 18 carbon atoms
which provides greater lipophilicity (Joana F Fangueiro et al., 2014). The use of these
cationic lipids as a coating confers to the particles high positive zeta potential (ZP).
Cationically charged systems are more likely to penetrate cells by endocytosis or fusion

with the membrane. The electrostatic interaction that is generated with the negative
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charges of cell membranes enhances adhesion to biomembranes and thereby
bioavailability (Basarkar et al., 2007). In addition to increasing bioavailability, external
surface charges also improve plasmid loading. These features provided by CTAB and
DDAB have been exploited in numerous studies with the aim of increasing the
immunogenicity of DNA vaccines and gene transfection (Date et al., 2011)(Russo et al.,
2013)(Oyewumi et al., 2016)(Khodaei et al., 2021). The advantages of discussed cationic
lipids have also been used as an approach to improve mucoadhesion and prolong the
retention time of nanosystems in the eye (Leonardi et al., 2015)(Almeida et al.,
2015)(Hassan et al., 2018)(Baig et al., 2020)(Bonaccorso et al., 2021a). In addition,
electrostatic repulsion at positive ZP values increased the stability of suspended particles.
CTAB concentrations between 0.5 and 1% wt are predictors of good stability (Joana F
Fangueiro et al., 2014). The single or double chains of lipids affected the physico-
chemical properties of the nanosystems. For example, when CTAB was used as a coating
for lipid NPs a better encapsulation efficiency was achieved due to the higher degree of
crystallinity than DDAB (Joana F Fangueiro et al., 2014). While lipid coating of PLA
nanosystems with double chain DDAB provided better packing of the outer layer and
higher ZP values than CTAB, leading to the formation of stable, well-defined, spherical-
shaped and sustained-release nanodevices (Carbone et al., 2016). This phenomenon could
be attributed not only to the different chemical structure but also to the different
lipophilicity of the two lipids. In this project, lipid coating was applied to NPs of PLGA-
PEG. Considering the dual lipophilic/hydrophilic nature of the selected polymer, both
lipids were investigated as NP shells.

Gelucire® 44/14 is a semisolid lipid consisting of a mixture of monoglycerides,

diglycerides, triglycerides, and fatty acid esters of polyethylene glycol (Da Fonseca
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Antunes et al., 2013). This lipid is often used for preparation of lipid NPs for ocular drug
delivery. It is an absorption enhancer employed to increase corneal permeation (Li et al.,
2008)(Liu et al., 2011)(Sunny Shah et al., 2022). Gelucire® 44/14 also improves the
absorption of poorly soluble drugs and provides extended release profiles (Liu et al.,
2016). The absorption capacity of this lipid is related to drug molecular weight. Drugs
with higher molecular weights (10000 Da) showed better absorption compared the ones
with lower weights (H. Zhang et al., 2014). Increased drug absorption, prolonged corneal
adhesion, and sustained release give to this lipid unique advantages in terms of drug
bioavailability.

Miglyol® 812 is a clear, slightly yellowish liquid lipid. It consists of a mixture of medium-
chain triglycerides (caprylic and capric fatty acids) extracted from palm oil endosperm
and/or coconut plants. Although the choice of solid lipids is varied, Miglyol® 812 is the
most commonly used liquid lipid for the production of NLC to be administered ocularly
(Yu etal., 2019)(W. Zhang et al., 2014)(Zhang et al., 2013)(Tian et al., 2013). Miglyol®
812 improved solubility of hydrophobic molecules and encapsulation efficiency in NLC
(Souto et al., 2004). When mixed with Gelucire® 44/14, it reduced the melting point of
the solid lipid (from 44 °C to 38-40 °C), suggesting that it could promote faster melting.
In addition, by tuning the proportions between the solid and liquid lipid, it is possible to
modulate the release from the lipid matrix (Ortiz et al., 2021). NLCs consisting of
Gelucire® 44/14 and Miglyol® 812 applied topically improved drug bioavailability to the
retina, resulting in promising vehicles for the treatment of posterior eye segment diseases

(Platania et al., 2019).
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8. QUALITY BY DESIGN AND DESIGN OF EXPERIMENT

The European Medicines Agency (EMA) publishes scientific guidelines on medicinal
products for human use harmonized by the International Conference on Harmonization
of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH).
Designing formulations in accordance with ICH guidelines will ensure that products with
the required quality, safety and efficacy parameters can be produced. Therefore,
applications for commercial authorization of quality-designed medicines are welcomed
by EMA. Quality, as well as efficacy and safety, are key criteria for drug approval and
must be ensured at all stages of drug production starting from design (Kumar and Vishal
Gupta, 2015). Identifying, explaining, and managing the sources of variability that affect
the design, development, and production phases of medicines is the first step for quality
assurance. To rationally process these steps, the use of statistical, mathematical, and
systematic methods is helpful.

The systematic approach of Quality by Design (QbD) in chemical production control was
introduced by the Food and Drug Administration (FDA) in 2005. In the ICH Q8
guidelines, QbD is defined as “A systematic approach to pharmaceutical development
that begins with predefined objectives and emphasizes product and process
understanding and process control, based on sound science and quality risk
management” (EMA, 2009).

This approach can also be applied to nanotechnology to obtain nanocarriers with the
desired quality through robust design processes. The adoption of QbD begins with the
identification of the quality target product profile (QTTP). QTTP is a prospective
summary of the quality characteristics of the medicament that ideally should be achieved

to assure the desired quality. Examples of QTTP in nanomedicine are drug release,
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stability, and intended dosage form (Bonaccorso et al., 2021b). Second, it is necessary to
determine which parameters affect QT TP and which critically affect it. These parameters
are known as critical quality attributes (CQA), critical material attributes (CMA), and
critical process parameters (CPP).

CQA are chemical, physical, biological, microbiological properties and characteristics
that must fall within a specific range for a product to be of acceptable grade. In the case
of nanomedicine, they include physico-chemical characteristics of particles such as size,
polydispersion, surface charge, pH, rheological behavior, encapsulation, drug loading

capacity, and so on (Rawal et al., 2019).

CMA are not defined by the ICH guidelines, but can be described as the physico-
chemical, biological or microbiological characteristics of the input materials (type,
concentration, purity of polymers/lipids, etc.). CMA must also fall within a certain range
to ensure product quality, because small variations in the quality of a material have a

major impact on CQA and formulation quality (Namjoshi et al., 2020).

CPPs also affect CQA,; these are process parameters that in turn must be controlled to
ensure a quality production process. These are operational parameters (pressure, speed,
temperature, flow, etc.) that influence processes such as melting, mixing, filtering, drying,
and precipitation. ldentifying CPPs is important to understand and control the
manufacturing processes that affect the quality of the final formulation (EMA, 2009).

Previous knowledge observed by practitioners in manufactured batches and literature
filtering of similar products allow identification of critical attributes and parameters
(Pallagi et al., 2015). The next step after identifying CQAs, CMAs, and CPPs is the
delineation of the design space, defined by the ICH Q8 guidelines as “The

multidimensional combination and interaction of input variables (e.g., material
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attributes) and process parameters that have been demonstrated to provide assurance of
quality”.

The correct parameters selection guides the construction of an appropriate design space
to research the desired QTTP (EMA, 2009). Figure 6 shows the QbD approach

culminating in the achievement of QTTP.
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Figure 6. Components of QbD approach

Designing experiments to obtain the final product with the desired quality could require
excessive time and cost and the preparation of unnecessary batches. Over decades,
traditional approaches such as OVAT (One Variable at A Time) and OFAT (One Factor
at A Time) have been used to study the influence of one variable at a time. In addition to
the large number of experiments to be performed, the limitation of this approach was non-

observation of the influence of interactions between variables (Arora et al., 2016).

Design of Experiment (DoE) is a multivariate approach methodology that overcomes the
drawbacks of traditional approaches. This approach through a small number of rationally
planned experiments yields maximum results. DoE allows the experimenter to observe
how multiple input variables (X1, X»,) or interactions between variables (X1X>) affect the
measured response (Y). Input variables, also referred to as "independent variables,” can

be qualitative (categorical) or quantitative (numerical) and are investigated by the
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experimenter at different levels in a space known as "experimental domain." The
measured response variables are referred to as "dependent variables." The number of
experiments to be performed depends on the number of variables and levels investigated.

The planned experiments involve five steps, as shown in Figure 7.

PLANNING

SCREENING

OPTIMIZATION

ROBUSTNESS
TESTING

Figure 7. Steps to plan experiments

1. Planning: before performing experiments and data collection, it is necessary
to plan the course of experimentation, assess time, available resources, and
integrate prior knowledge to proceed to the experimental phase. This step
involves identification of the variables and levels to be investigated and the
selection of the appropriate responses to be measured. For example, if some
factors (polymer concentration, viscosity, etc.) present levels that result in
unfavorable outcomes, the experimental domain range must be modified
(Bonaccorso et al., 2021c).

2. Screening: used to identify critical factors that significantly influence process
responses and to remove irrelevant factors. Parameters that are intended to be

kept constant are also selected during this step. Full Factorial Design (FFD) is
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useful in screening to identify the most significant variables to study (Tavares
Luiz et al., 2021);

Optimization: to achieve the desired goal, the best combination of the factors
investigated must be determined. The pursuable objectives are maximize,
minimize, target, within range. Response surface methodology (RSM) is used
in this step to analyze the response relative to the variables (Musumeci et al.,
2019);

Robustness Testing: used to identify sources of variation outside the control
of the investigator, also known as "noise factors" (e.g., humidity,
temperature). Making the process insensitive to these factors improve the
robustness of the design (Bonaccorso et al., 2021b);

Verification: involves validation of method by experimental tests to confirm
the predictivity of the methodology. Calculating the error between the
experimental and predicted data allows the prediction accuracy of the model

to be evaluated (Bonaccorso et al., 2020).

The application of RSM methodology in optimization is gaining increasing interest in the

field of nanotechnology; it has been used to optimize polymeric and lipid NPs or

nanofibers (Nair et al., 2020)(Ismail et al., 2019)(Rivelli et al., 2021)(Subramaniam et al.,

This is a promising statistical tool for analyzing multivariate processes. The data collected

in the experimental phase are processed to produce different mathematical models (linear,

quadratic, cubic, or two-factor interaction). The model that best fits the data is subjected

to analysis of variance (ANOVA) to test reliability and adequacy to navigate the design

space. The selected model outlines the shaping of the response surface. 3D graphs and
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contour plots generated help to identify changes in response in accordance with the
investigated factors. This tool permits to find the ideal "window" of operability (Breig
and Luti, 2021).

RSM use is advantageous for achieving nanocarriers with desirable quality, as long as the
steps preceding optimization (planning and screening) are carried out with appropriate
logic. However, it remains true that the investigator's knowledge of the parameters,
processes, formulations, and design methodologies underlies a successful DoE

application.

9. AIM OF THE PROJECT

The treatment of neurodegenerative eye diseases presents a significant great challenge in
the field of ophthalmic drugs. Static and dynamic ocular protective barriers hinder drug
delivery into intraocular tissues. Molecules used for the management of such diseases
often exhibit poor solubility and consequently mild tissue permeation. As a result,
dose/response profiles are generally very poor. In addition, patient adherence to treatment
is a critical condition for therapeutic success in disease management. However, these
drawbacks have often been overcome through advances in nanotechnology to date.
Positive results have been achieved with the development of nanomedicines that have
been able to jointly provide effective delivery devices and ensure patient compliance.
Mucoadhesion and mucopenetration enhancers have proven to be effective agents for
circumventing ocular barriers and improving intraocular bioavailability of administered
drugs. Sustained drug release profiles have made it easier for patients to maintain

therapeutic regimens.
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Based on the listed advantages, the goal of my thesis was to develop innovative platforms

to improve the delivery of active molecules to the posterior segment of the eye.

Polymeric, lipid and hybrid nanocarriers intended for different routes of administration

were studied to achieve this purpose. In detail, the study was conducted as described

below:

(i)

(i)

(iii)

Development of polymeric NPs (PLA and PLGA) for potential FA intravitreal
delivery. Preliminary cytotoxicity testing on empty carriers, characterization
studies and physicochemical stability of the systems. Evaluation of
purification efficacy of different techniques employed. Study of the influence
of the two matrices on FA release profiles;

Design and optimization of melatonin-loaded mucoadhesive LPHNSs for
topical application. The cationic lipid shell was exploited to prolong the
retention time on the ocular surface to improve bioavailability. A preservative
and sterilization were employed to prolong the storage life of the
nanosuspension. Release experiments were followed for 8 days. In vitro tests
on a diabetic retinopathy model and Draize assay were conducted to evaluate
neuroprotective/antioxidant efficacy and ocular tolerability, respectively;
Production of fluorescent PLGA-PEG NPs for in vitro and in vivo cell
tracking labeled by two different techniques: encapsulation and grafting of the
fluorophore on polymer backbone. Evaluation of in vitro cytotoxicity on
olfactory ensheathing cell lines and neuronal cells to assess a potential
application for the treatment of neurodegenerative disorders by nose-brain

delivery;
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(iv)

(v)

(vi)

Review on fluorescent nanosystems for diagnostic and theranostic
applications in the ocular field. Overview of fluorescent molecules and
nanosystems classified according to their nature (lipidic, polymeric, metal-
based, and protein-based) commonly used in ocular applications. Summary of
fluorescent nanosystems found in clinical trials and in the marketplace;
Design and optimization of ion-pair in combination with NLC to improve the
incorporation of FLN dichlorhydrate in lipid carrier systems;

Production of melatonin-loaded nanofibers (PLA and PVA) by
electrospinning technique for the development of ocular inserts. Spectroscopic
characterization and in vitro release profiles were compared for the two types

of produced nanofibers.
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CHAPTER II: Ferulic Acid-Loaded Polymeric Nanoparticles

for Potential Ocular Delivery
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Abstract: Ferulic acid (FA) is an antioxidant compound that can prevent ROS-related diseases, but
due to its poor solubility, therapeutic efficacy is limited. One strategy to improve the bioavailability is
nanomedicine. In the following study, FA delivery through polymeric nanoparticles (NPs) consisting
of polylactic acid (NPA)and poly(lactic-co-glycolic acid) (NPB)is proposed. To verify the absence of
cytotoxicity of blank carriers, a preliminary in vitro assay was performed on retinal pericytes and
endothelial cells. FA-loaded NPs were subjected to purification studies and the physico-hemical
properties were analyzed by photon correlation spectroscopy. Encapsulation efficiency and in vitro
release studies were assessed through high performance liquid chromatography. To maintain the
integrity of the systems, nanoformulations were cryoprotected and freeze-dried. Morphology was
evaluated by a scanning electron microscope. Physico-chemical stability of resuspended nanosystems
was monitored during 28 days of storage at 5 °C. Thermal analysis and Fourier-transform infrared
spectroscopy were performed to characterize drug state in the systems. Results showed homogeneous
particle populations, a suitable mean size for ocular delivery, drug loading ranging from 64.86 to
75.16%,and a controlled release profile. The obtained systems could be promising carriers for ocular
drug delivery, legitimating further studies on FA-loaded NPs to confirm efficacy and safety in vitro.

Keywords: antioxidant; PLA; PLGA; retinal pericytes; endothelial cell; controlled release

1. Introduction

Oxidative stress is able to involve morphological and functional alterations to
retinal tissues, playing a key role in the onset and progression of retinal diseases, such
as age-related macular degeneration (AMD), glaucoma, diabetic retinopathy (DR),
and retinal vein occlusion (RVO) [1]. Recent clinical studies have demonstrated the
potential health benefits obtained with the consumption of fruit and vegetables rich
in phytochemicals, such as polyphenols, on visual function. Thanks to the pluri-
pharmacological effects, these molecules might be able to slow down and prevent the
progression of the aforementioned pathologies [2,3].

The most attractive polyphenol effects in these diseases are wielded on oxidative
stress pathways, where they are able to suppress the harmful effect of the reactive
oxygen species (ROS) [4]. For this reason, antioxidant molecules are gaining
importance as a promising therapeutic strategy in treatment/ prevention of eye chronic
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disease. A comparative study regarding the properties of various antioxidants
including ascorbic acid, ferulic acid (FA), &-tocopherol and B-carotene, has shown that

FA is the most efficient among the tested antioxidants [5,6]. Thanks to its phenolic
nucleus and an extended side chain conjugation, this substance can act as a potent
antioxidant in both isolated membranes and intact cells, because it is able to form a
resonance-stabilized phenoxy radical, thereby inhibiting lipid peroxidation and ROS
production.

FA (4-hydroxy-3-methoxycinnamic acid) is a phenolic compound and a notable
biological and structural component of the plant cells. It is one of the most abundant
phenolic acids in plants and might be found in high concentration in food such as whole
grains (1-3 mg/100 g), fruits, and vegetables (800 mg/100 g) [7]. FA exhibits a wide
spectrum of beneficial activity for human health, it was tested in vitro for its potential
anti-inflammatory, anticancer, neuroprotective, anti-angiogenesis effects and was
tested in vivo on mice for its antidiabetic, anticancer, antiapoptotic, and antioxidant
properties [8]. Despite this, poor solubility of FA in aqueous solution remains a major
limit for its bioavailability. In recent years, in order to overcome this problem and to
improve the drug dissolution rate, many strategies were developed such as the drug
complexation with hydroxypropyl-p-cyclodextrin (HP-B-CD), the inclusion in
platforms composed of cocrystal, micelles, and nanogels, and the encapsulation in
nanostructured lipid carriers (NLC) or chitosan NPs [9-16].

The use of biodegradable polymeric particles has been extensively studied to
increase bioavailability, prolong controlled drug release, and avoid repeated ocular
administration [17]. The use of polymeric NPs include many advantages, such as good
control on size and size distribution, reduce clearance time, and protection and
retention of the drug that improves bioavailability in intraocular or extraocular tissues
[18]. Polymers frequently used to develop NPs for ocular delivery include poly(lactic
acid) (PLA), poly(lactic acid)/poly(lactic-co-glycolic acid) (PLGA), polycaprolactone
(PCL), and hyaluronic acid [19]. Despite this, to date, no study has been conducted on
PLA or PLGA NPs for ocular delivery of FA. The use of PLA /PLGA carriers for ocular
drug delivery (ODD) is sustained by their biocompatibility and biodegradability
[18,20,21]. In a work by Gupta et al.,, sparfloxacin loaded in PLGA-NPs was
administered to rabbits, showing to improve the residence time at the corneal surface
with respect to conventional eye drops. In vivo studies of this formulation signalized
that PLGA-NPs have a good stability and ocular tolerance. Moreover, in vivo
degradation of PLGA mainly happens by hydrolysis, resulting in nontoxic lactic and
glycolic acids, which enter to the tricarboxylic acid cycle to be metabolized in water,
carbon dioxide, and energy [22]. A study conducted by Bourges et al. on PLA NPs
showed that a single intravitreal injection in rats allows the system in retinal pigment
epithelium (RPE) cells to be found, even after 4 months. Histology demonstrated the
anatomical integrity of the injected eyes and the absence of toxic effects [17].
Administration by intravitreal injection has also been shown to be safe with
PLA/PLGA microspheres, so the systems can be considered suitable for the treatment of
diseases affecting the posterior segment of the eye [23]. In addition, several studies on
polymeric nanoparticles (NPs) have used intravitreal injection as a route of
administration, so the nanocarriers designed and discussed here could be used for this
purpose [24-27].

The aim of this study was to prepare and characterize FA-PLA and PLGA NPs for
potential ocular delivery, evaluating their physico-chemical, technological properties
suitable for the selected site of administration, and a preliminary in vitro study was
performed. The two unloaded nanocarriers were subjected to in vitro cell viability
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studies on primary endothelial cells and primary retinal pericytes to assess the absence of
cytotoxicity. The two nanoformulations were loaded with the drug and investigated to
determine the mean size, polydispersity index (PDI), zeta potential (ZP), pH,
osmolarity, encapsulation efficiency (EE), and release profile until 48 h. Centrifugation
and dialysis were carried out to eliminate both surfactant and the unloaded drug, and to
select the most efficient purification method. The final formulations were cryoprotected
and freeze-dried both to prevent premature drug release and to avoid hydrolysis of
the polymeric material from the aqueous suspension. NPs morphology was assessed
by SEM analysis. To evaluate the stability after resuspension, physico-chemical
parameters were monitored during 28 days of storage at 5 °C. Freeze-dried samples
were subjected to thermal analysis through differential scanning calorimetry (DSC) and
FT-IR spectroscopy.

2. Materials and Methods
2.1 Materials
Trans-Ferulic acid, Resomer® R 202 H, acid terminated, Mw 10.000-18.000
(PLA), Resomer® RG 752 H, acid terminated, lactide:glycolide 75:25, Mw 4.000-15.000
(PLGA), and Tween® 80 were supplied by Merck (Milan, Italy). Ethanol (96% purity)
was obtained from ].T.Baker (Deventer, The Netherlands). Acetone and dialysis
membrane (molecular weight cut off (Mwco) 3000 Da, diameter 11.5 mm; Spectra/Por®)
were purchased from VWR International PBI Srl (Milan, Italy). Hydroxypropyl-p-
cyclodextrin was obtained from Roquette Freres (Lestrem, France). Deionized water was
used for all the preparations.

2.2 Preparation of Unloaded Nanoparticles

Nanoprecipitation technique was applied to prepare PLA (NPA) and PLGA
(NPB) NPs with slight modification of a previously reported process [28]. PLA or PLGA
polymer (3.6 mg/mL) was dissolved in acetone. The organic phase (5 mL) was poured,
drop by drop, into 10 mL of water/ethanol mixture (1:1), containing 0.05% (w/v) Tween®
80, under magnetic stirring (500 rpm) at room temperature, thus forming a milky colloidal
suspension. The organic solvents were removed under vacuum by a rotavapor (Buchi)
at40 °C.

2.3 Physico-Chemical Characterization

The particle size (Z-ave) and the polydispersity index (PDI) were determined
by photon correlation spectroscopy (PCS). PCS was performed using a Zetasizer Nano
7590 (Malvern Instruments Ltd., Malvern, England) and the experiments were carried
out using a 4 mW He-Na laser beam with a 633 nm wavelength. The following
parameters were used for these experiments: temperature 25 °C, medium refractive
index 1.330, medium viscosity 1.0 mPa s, and dielectric constant value 80.4. The
analysis of a sample consisted of 3 sets of measurements, and the results are expressed
as mean size * standard deviation (SD). Each sample was analyzed into disposable
sizing cuvettes (DTS 0012).

Zeta potential (mV) was measured using the same instrument. Electrophoretic
mobil- ity for each sample was revealed at 25 °C, using the Smoluchowski constant with
a value of 1.5 to obtain the corresponding ZP values.

2.4 Osmolarity and pH

The osmolarity of NPs was analyzed by freezing point depression (FPD) using
a digital osmometer (Osmomat 030, Gonotec, Berlin, Germany) and as calibration
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solutions distilled water and sodium chloride 0.9%. The value reported for each sample
is the mean of 3 different measurements. The determination of pH was carried out using
a pH-meter at 25 °C (Checket, Hanna Instrument, Woonsocket, RI, USA) which was
calibrated before each use with 3 buffer solutions at pH 4.01 £0.02; 7.00 £0.02 and 10.00
£0.02. Three measurements were made for each sample.

2.5 In Vitro Cytotoxicity Test of Unloaded Nanoparticles
2.5.1 Cell Cultures

Primary cultures of microvascular pericytes were obtained from bovine retinas
as already described [29]. Briefly, the cells were homogenized and filtered through a
nylon filter (80 pm). Phosphate-buffered saline (PBS) at pH 7.4 was supplemented with
collagenase-dispase and bovine serum albumin, at concentrations of 1 mg/mL and
0.5%, respectively. The micro-vessels were immersed in the PBS solution for 20 min and
maintained at 37 °C. The homogenate was centrifuged for 10 min at 1000x g. The
isolated cells were plated in Dulbecco’s Modified Essential Medium (DMEM)
supplemented with 20% fetal bovine serum (FBS), 2mM glutamine, 100 U/mL penicillin
and 100 pg/mL streptomycin. Culture plates were previously covered with a thin layer
of gelatin. At confluence, the cells were trypsinized and seeded in new petri dishes in
DMEM at 10% fetal bovine serum.

Bovine microvascular endothelial cells (BMVEC) were purchased from Sigma
(Milan, Italy) and fed with Ham’s F10 medium supplemented with 10% FBS, 80 pg/mL
heparin,

2.52 MTT Assay

Pericyte and endothelial cells were seeded in 96-well plates at a cell density
of 1.5 x 10* per well. 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrasodium bromide
(MTT) (Chemicon, Temecula, CA, USA) was used to perform the cell viability assays.
Prior to treatment, cells were incubated at a temperature of 37 °C overnight and then
treated for 24 h and 48 h in the absence (control) or the presence of NPA and NPB (0.25-
5 mg/mL). After incubation periods, 10 pL of MTT reagent (5 mg/mL) was added to
each well and the cells were incubated at 37 °C for a further 3 h. Formazan crystals were
solubilized under constant agitation with 100 pL of DMSO for 10 min. The absorbance
was detected at a wavelength of 570 nm with plate reader (Synergy 2-bioTek). All
experiments were performed at least 6 times in triplicate.

2.6 FA-Loaded Nanoparticles

FA-loaded NPs were obtained with the same procedure described in Section 2.2.
The active compound (1% wt/wt, drug/polymer) was added to the organic phase and
the preparation proceeded as described above [30,31].

2.7 Purification Steps

Nanosystems were subjected to purification by two methods: dialysis and
centrifugation, with the aim of removing any residual surfactant or unloaded drugs. The
removal of unstructured polymer chains in the nanocarriers was not considered, as
their molecular weight is higher than the cut-off of that the dialysis membrane used. In
order to observe any physico-chemical properties variation due to purification
processes, the NPs suspensions were monitored in terms of mean size, PDI, and surface
charge, before and after the purification phases. Centrifugation was performed with a
Thermo-scientific SL 16R Centrifuge (Thermo Scientific Scientific Inc., Waltham, MA,
USA) at 15,777xg for 1 h at 8 °C. The obtained supernatants were collected for high
performance liquid chromatography (HPLC) analysis, pellets were resuspended in water

65



and characterized through PCS analysis. For dialysis, previously hydrated cellulose
membranes (Mwco 3000 Da, diameter 11.5 mm; Spectra/Por®) were used. Membranes
containing the colloidal suspensions were immersed in 500 mL of distilled water. Dialysis
of each sample (NPA-FA and NPB-FA) was performed with different frequencies of water
changes per hour (L/h). In the first case equal to 0.5L/h (2.5 L in 5h with 5 water changes)
and in the second equal to 1 L/h (3 L in 3 h with 6 water changes). Dialyzed samples
were collected and centrifuged at 15,777xg for 1 h at 8 °C; the obtained supernatants
were then analyzed by HPLC, pellets were resuspended and subjected to PCS analysis.

2.8 Encapsulation Efficiency

The percentage of the encapsulated FA into the polymeric matrix of NPs was
determined both after centrifugation and after dialysis performed with frequency of
water changes of 0.5 and 1 L/h. Samples, including those purified by dialysis, were
centrifuged in order to obtain separation of pellet from supernatant. The obtained
supernatants were analyzed by HPLC to evaluate the drug concentration; each amount
of the sample was quantified by measuring the UV absorbance at 320 nm. The EE was
calculated by the difference between the amount of drug entrapped inside the NPs and
the total quantity of drug employed to prepare the nanosystems, according the
following equation [32]:

pg FA in supernatant

Purification efficacy (%) = (ug FAro; — g encapsulated FA) x 100
tot

2.9 Yield of Purification Process

The dialysis purification yield was calculated to select the most efficient
method to remove unencapsulated FA from the systems. Purification efficiency was
expressed as the percentage amount of dialyzed FA compared with the
unencapsulated amount. Dialyzed samples were collected and centrifuged. The
concentration of FA in the obtained supernatants was quantified by HPLC analysis, by
measuring UV absorbance at 320 nm. The percentage of purification was calculated
using the following equation:

FA in supernatant
ug p 100

Purification efficacy (%) = (ug FAr; — ng encapsulated FA) X
(0)

Each experiment was performed in triplicate and the results represent the mean + SD.

2.10 Stability Study of Resuspended Cryoprotected Freeze-Dried Formulations

The suspensions of purified NPs were mixed in a 1:1 ratio with 10% (w/v) of
HP-B-Cyd to achieve a final cryoprotectant concentration of 5% (w/v). The resulting
formulations were frozen and freeze-dried for 24 h (Freeze Dryer Edwards Modulyo,
Akribis Scientific Limited, Knutsford, Cheshire, UK). The resuspended cryoprotected
freeze-dried NPs were analyzed to evaluate potential changes over time of Z-Ave, PD],
ZP, osmolarity, and pH. The analyses were conducted on the NPs lyophilized powder,
resuspended with the same volume of water lost during the drying phase [33]. After
reconstitution, the above parameters were analyzed (zero time), after that, all of the
formulations were stored in the refrigerator (5 °C) and tests were run again after 7, 14,
21, and 28 days.
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2.11 In Vitro Release Profile of FA-Loaded NPs

The in vitro drug diffusion profiles of non-encapsulated FA solution (in PBS, pH
7.4) and the release profiles of drug-loaded NPs (NPA-FA and NPB-FA) were
evaluated. The amount of FA released from NPs was measured after centrifugation of
the samples, performed at 15,777xg rpm at 8 °C for 1 h; the obtained supernatants
were subjected to HPLC analysis, the pellets were resuspended in a 5% (w/v) of
HP-B-Cyd solution and freeze-dried. Lyophilized NPs were resuspended in 1 mL of
PBS pH 7.4 [34]. The suspensions were placed into a cellulose membrane dialysis
tubing (Mwco 3.5 kDa, flat width 18 mm, diameter 11.5 mm; Spectra/Por® Dialysis
Membrane) and incubated in 19 mL of medium (PBS, pH 7.4), which was maintained
under magnetic stirring at 37 °C, up to 48 h. Release medium (500 pL) was sampled at
predetermined time points (0, 1, 2, 3, 4,5, 6,7, 8, 24, and 48 h) and immediately replaced
with the same volume of fresh medium, to maintain the sink condition. FA
concentration in the collected samples was quantified by HPLC analysis. Release study
was performed in triplicate for each formulation. The release curve was drawn
according to the average and SD of 3 values at each moment.

2.12 HPLC Analysis

HPLC analysis was performed at room temperature using a 1050 Hewlett-
Packard instrument (Hewlett-Packard, Milan, Italy) equipped with a 20 pL injection valve
Rheodyne 7125 (Rheodyne Inc., Cotati, CA, USA) and a UV-VIS detector (Hewlett-
Packard, Milan, Italy). Mobile phase consisted of a mixture of 81:19 (v/v) acetonitrile:
acetic acid (2% v/v). Stationary phase was a 4.6x15 cm C 18 column (Waters, Milan,
Italy). Effluent was monitored at a wavelength of 320 nm, with a flow rate of 1 mL/min.
The standard calibration curves were prepared at different dilutions of FA in methanol.
The linear regression coefficient determined in the range 0.05-10 pg/mL was 0.9997. No
interference resulting from other components was observed.

2.13 Scanning Electron Microscopy (SEM)

NPs morphology was assessed by SEM study. The samples were prepared for
the electron microscope with a spin-coating procedure at 500 rpm for 1 min with a Suss
Microtech instrument and left to dry in air for a few hours. To ensure good conductivity,
all of the samples were then coated with 5 nm of gold sputtering at a pressure of 10-
mbar with an Emitech K500X equipment. The SEM were acquired at a low voltage of 3
KV with an InLens detector by using a Field Gemini microscope from Zeiss.

2.14 Thermal Analysis of Unloaded and FA-Loaded Cryoprotected Freeze-Dried Nanosuspensions

A DSC1 Star System apparatus (Mettler Toledo, Schwerzenbach, Switzerland)
was used to perform calorimetric analyses. The DSC detection system consisted of a
Mettler Full Range ceramic sensor (FRS5) with 56 thermocouples and a high sensitivity
sensor (HSS8) with 120 thermocouples. The signal time constants were respectively
equal to 1.8 and 3.1 s, while the digital resolution of the measurement signal was 16.8
million points. The sampling rate was maximum 50 values/s. Calorimetric resolution
and sensitivity of FRS5 and HSS8 sensors, determined through the TAWN test, were
respectively between 0.12-0.20 and 11.9-56.0. Each DSC scan had an accuracy of 0.2K,
aprecision of +0.02K, and a resolution of +0.00006 K. Optiplex 3020 software at Mettler
Star® Dell was used for the data acquisition. DSC aluminum pans (40 uL) were filled
with pure FA, pure polymers, cryoprotectant, cryoprotected freeze-dried empty NPs
(NPA and NPB), as well as loaded with FA (NPA-FA and NPB-FA) before sealing. All
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samples were submitted to heating and cooling cycles in the temperature range 20-200
°C at a scanning rate of 5 °C/min (heating) and 10 °C/min (cooling).

2.15 FT-IR Spectroscopy Measurements

Pure FA, pure polymers, cryoprotectant, cryoprotected freeze-dried empty NPs
(NPA and NPB) and loaded with FA (NPA-FA and NPB-FA) were analyzed using FT-
IR spec- trophotometer (Perkin-Elmer Spectrum RX I, Waltham, MA, USA). The
instrument was equipped with an attenuated total reflectance (ATR) accessory and a
diamond window and zinc selenide crystal (diamond/ZnSe). The dried samples were
mixed with potassium bromide (KBr anhydrous of FT-IR grade) to obtain a
homogeneous mixture, which was compressed into 1 mm pellets. The background was
acquired from pure KBr pellet. For each sample, 20 scans were collected over the range
of 400-4000 cm? at a resolution of 2 cm? at room temperature.

2.16 Statistical Analysis

All results are reported as mean +SD. The results were analyzed using one-way
ANOVA followed by Tukey-Kramer multiple comparisons test; differences between
groups were considered significant for a p-value <0.05. The t-test was used to calculate the
statistical significance in the MTT assay; the percentages obtained relative to the control
group were considered not significant for p > 0.05, significant for p < 0.05, very
significant for p < 0.01 and extremely significant for p < 0.001.

3. Results and Discussion

In the present study, NPs have been produced by a solvent displacement technique.
Tween 80, a non-ionic surfactant, was added in order to reduce the dynamic interfacial
tension and to increase the steric repulsion between NPs [28]. Its non-ionic nature
allows it to be included in the ophthalmic formulations, but this is acceptable since it
does not induce strong eye irritation [35]. The concentration chosen for the emulsifier
(0.05% w/v) was selected because it is considered a suitable amount both for obtaining
small diameter particles and for the demonstrated ocular safety and tolerability [28,36].

3.1 Influence of Unloaded NPs Concentration on Cell Viability of Primary Cultures of
Micro-Capillaries Pericytes and Endothelial Cells

An NPs system proposed for ocular administration must be able to deliver the
active agent without compromising the viability of the host cells. To assess if NPA or
NPB could induce cytotoxicity, MTT bioassay was performed on primary cultures of
microcapillaries pericytes and endothelial cells. Unloaded NPs were studied at
different concentrations (0.25-5 mg/mL) to evaluate the effect on cell viability and the
potential application of these systems as FA nanocarriers for ocular therapy.

Figure 1 shows cell viability vs NPs concentration (mg/mL). An important
consideration is that cell viability strictly depended on the type of cell line as well as on
the concentration tested. The results obtained from the analysis of NPA and NPB
carriers on BMVEC were plotted as a function of the incubation time, which is equal to
24 (Figure 1A) and 48 h (Figure 1B). Regarding the data obtained at 24 h, the cells
incubated with NPA and NPB showed a high viability (>90%) in the concentration range
0.25-1 mg/mL. Viability at 48 h follows the same trend, with no significant reduction.
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The evidence of a more marked reduction is observable for NPA at higher
concentrations. From the statistical analysis of the data, it emerged that the decrease
in viability compared to the control recorded for NPA at 2.5 mg/mL oscillates
between significant (24 h) and very significant (48 h), it is instead extremely significant
at 5 mg/mL. For NPB, the amount of reduction was significant at 2.5 mg/mL and very
significant at 5 mg/mL. Therefore, although NPB in the safe range 0.25-1 mg/mL have
the lowest cell viability rates, at higher concentrations, they show a less pronounced,
although still toxic, reduction. Pursuant to ISO 10993-5, percentages of cell viability
above 70% are considered an absence of cytotoxicity [37]. The results obtained showed
that the highest concentrations (2.5-5 mg/mL), for both samples and times examined
were cytotoxic, resulting in a reduction in viability >30%.
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Figure 1. Cytotoxicity of NPA and NPB NPs on primary endothelial cells after (A) 24 h and (B)
48 h of incubation and on primary retinal pericytes cells after (C) 24 h and (D) 48 h of incubation at
different concentrations (5; 2.5; 1; 0.5; 0.25 mg/mL). Three independent experiments were performed in
sixfold. Error bars depict the S.D. of the mean. t-test was used to calculate statistical significance of the
percentages obtained versus control group. [ns = not significant (p > 0.05); * = significant (p < 0.05);
** = pery significant (p < 0.01); *** = extremely significant (p < 0.001)].

The analysis of NPs on RMP incubated for 24 h showed the absence of toxicity
in the concentration range 0.25-2.5 mg/mL for both systems studied (Figure 1C). NPB
showed higher viability percentages on the concerned cell line with respect to the NPA.
Similar data with the same safety interval were obtained also for cells incubated for 48
h (Figure 1D). Analysis revealed that both formulations at the highest concentration (5
mg/mL) were cytotoxic, resulting in an extremely significant reduction in cell viability.

From the results obtained, it was observed that NPA and NPB showed similar
behavior on both cell lines. In detail, absence of cytotoxicity was observed in pericyte cell
lines with a wider concentration range (0.25-2.5 mg/mL) than in endothelial cells (0.25-
1 mg/mL). Endothelial cells and pericytes are essential components of the microvessel
wall. Pericytes play several roles in the retinal vascular system, from controlling flow to
maintaining microcirculation integrity [38,39]. Pericytes work co-dependently with
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endothelial cells, to which they also provide mechanical support. Among the activities
that pericytes regu- late are the proliferation and migration of endothelial cells, as well
as the production of cytokines for the immune response [40-42].

In vivo, therefore, contact and interactions between pericytes and endothelial
cells act on different levels of control. Similar results were reported in a study
conducted on human pericytes and endothelial cells, where differences in cell lines
cultured solitary and in co-culture were observed. The results showed that DNA
synthesis of endothelial cells in single culture was reduced by 30% compared to cells co-
cultured with pericytes. Therefore, in vitro co-culture studies should be more reliable
and predictive in the evaluation of biological cellular responses [43].

3.2 Influence of the Purification Process on Physico-Chemical Properties of Nanocarriers

As shown by the physico-chemical characterization of formulated systems
(Table 1), the particle size ranged between 158 and 219 nm, thus, NPs were obtained
[44,45]. In particular, the mean particle size of unloaded NPs was ~158-170 nm and of
FA-loaded NPs was ~178-219 nm. The particle size distribution was very narrow in all
cases (PDI less than 0.3), corresponding to monodispersed systems [46].

Table 1. Mean size, PDI, zeta potential (ZP), osmolarity and pH of loaded (NPA-FA, NPB-FA) and
unloaded (NPA, NPB) nanoparticles. Data represent mean standard deviation (SD), n = 3.

. Osmolarity
Mean Size ZP (mV) *
+ + +
Sample (nm) + SD PDI*SD SD +*SD pHxSD

(mOsm/ke)
NPA 170.400 + 5.781 0.128 + 0.028 -39.00+1.40 -
NPA-FA 178.600+0.289  0.056 + 0.035 -33.70+1.31 258.3+0.023 7.30 + 0.533
NPB 158.700+1.700  0.130 £ 0.023 -29.70+ 0.90 - -
NPB-FA 219.300 + 2.751 0.207 £ 0.028 -23.80+222 265.6+0.027 7.33 +0.495

The ZP of NPs was strongly negative, ranging between 23.8 £2.22to 39.0 £1.40
mV. The negative ZP values could be attributed to the presence of terminal carboxylic
groups of the polymers, which confer to the matrix of a negative surface charge
[28,47,48].

The ZP value showed a reduction of 6 mV in absolute value when the drug was
incorporated into the systems, probably due to its precipitation on the surface on NPs.
The selection of the organic solvent and its evaporation played a crucial role in this
process. Acetone can diffuse into the continuous phase and temporarily increase the drug
solubility. As a result, when the organic solvent was completely evaporated, FA could
precipitate and deposit onto the NP surface, masking their surface charge [49]. The
results of osmolarity values of the obtained formulations showed the achievement of
isoosmolar systems with the tear fluid and pH values of 7.3, which fall within the ocular
tolerability range.

In order to evaluate the influence of purification methods on the physico-chemical
properties of the obtained systems and to select the appropriate process for these
nanocarriers, we characterized NPA-FA and NPB-FA before and after the purification
processes (Figure 2). The results obtained showed that both formulations subjected to the
centrifugation process endured an increase in mean size, passing from 178.6 to 325 nm for
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NPA-FA and from 219.3 to 357.2 nm for NPB-FA. This increase should be attributed to the
speed used during the centrifugation, which is able to generate collision forces between NPs.
The mechanical induced stress leads to the formation of non-redispersible aggregates,
according to Sari et al. [50]. After centrifugation the samples showed an increase in PDI
reaching values of 0.649 and 0.769 respectively for NPA-FA and NPB-FA. The increase in
polydispersion confirmed that high speed used during the centrifugation process caused the
formation of aggregates. ZP of both centrifuged NPs showed a reduction of about ten mV.
This decrease is a result of the aggregation phenomena that cannot keep the surface
properties of NPs unaltered, probably due to the reduction in the total surface area [51].
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Figure 2. Mean size, PDI (A) and zeta potential (B) of the samples NPA-FA and NPB-FA. t-test was used
to calculate statistical significance of the percentages obtained versus control group. [ns = not significant
(p > 0.05); * = significant (p < 0.05); ** = extremely significant (p < 0.001)].

No significant variation was highlighted in the average dimensions of NPs
which remained rather constant after the dialysis process. Systems obtained after
dialysis maintained a low PDI value (<0.2).

For dialyzed samples, significant changes on ZP (p-value <0.05) were observed
based on the volumes of water exchanged per hour. As reported in Figure 2, a reduction
in ZP values can be observed for samples dialyzed against 1 L/h. This result could be
due to the further adsorption of the unloaded drug onto the surface of NPs. Moreover,
the higher frequency of water exchange avoids the formation of possible surfactant micelles
that could entrap the free drug and prevent its diffusion through the membrane. The ZP
values of the samples dialyzed against 0.5 L/h of water showed an increase in absolute
value of this parameter. The reason for this could be an increase in the osmotic pressure
in the dialysis solution. It has been shown that the osmotic pressure of a non-ionic
aqueous surfactant solution in the micellar region increases with increasing concentration
of the surfactant [52]. In our case, lower frequency of water exchanges (0.5 L/h) may lead
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to increased surfactant concentration in the dialysis medium forming micelle. The
formation of micelle could sequestrate a fraction of the unloaded drug. The difference
in osmotic pressure that was generated in the dialysis medium could hinder the
progressive diffusion of the surfactant molecules from the nanodispersion, preventing
proper dialysis of the samples [53].

In fact, to support this hypothesis and to evaluate the influence of frequency of
water exchanges on dialysis efficacy, a comparison of obtained data was made (Table
2). The results showed that the dialysis technique, which allows a better purification
yield of drug (>50%) and is able to remove the greater percentage of FA, is that
performed with a frequency of water changes equal to 1 L/h. Samples dialyzed
against 0.5 L/h of water showed lower purification efficiency. The reason for this could
be a sequestration of the drug from the surfactant micelles present in dialysis medium
[54]. In regard to the reasons for the major purification of NPB-FA, this could be
attributed to the lipophilic nature of drug. Consequently, the fact that FA is less related
to the PLGA polymer, which has hydrophilic groups in its structure, is retained less
from NPB-FA [55]. The poor affinity of drug for this type of polymer could reduce its
solubilization inside the matrix, therefore a higher amount of drug could remain
adsorbed on the NPB-FA surface. Thanks to the ease with which FA is removed from
the surface of PLGA based NPs, a higher dialysis percentage may have been obtained
[56].

Table 2. Purification efficiency (%) of NPA-FA and NPB-FA referred to the purification processes using
the dialysis method performed with frequency of water exchanges of 0.5 and 1 L/h.

Frequency of Water Changes Purification Efficiency (%)
Sample (L/h) *SD
1 28.60 + 0.211
NPA-FA 0.5 24.13 +£0.015
1 53.29 + 2.258
NPB-FA 05 30.00 + 0.785

3.3 Encapsulation Efficiency and In Vitro Release Profile of FA-Loaded Nanocarriers

The entrapment efficiency of FA (1% wt/wt) in the NPs prepared by the
nanoprecipitation method was calculated for both purification methods investigated.
The results are shown in Table 3. The EE obtained for centrifuged systems ranged from
64.86 to 75.16%, respectively for NPB-FA and NPA-FA. For dialyzed samples, the
percentages showed higher values ranging from 81 to 90% and it was observed that by
subtracting the non-dialyzed amounts of drug (Table 2), the results were identical to
those obtained for the samples purified by centrifugation. Therefore, the efficiency
obtained for the dialyzed samples was defined as ‘apparent EE’, consisting of the
encapsulated drug, plus the amount of FA not removed by dialysis.

It was demonstrated that the encapsulation yield depends on several factors,
such as: the solvent miscibility in the aqueous phase, the precipitation speed rate which
leads to polymer solidification, and the drug solubility into the polymer used [57].
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Table 3. Encapsulation efficiency (%) of NPA-FA and NPB-FA and apparent encapsulation efficiency
(%) of NPA-FA and NPB-FA referred to the purification processes using the dialysis method performed
with frequency of water exchanges of 0.5 and 1 L/h.

Encapsulation Frequency of Apparent
Sample “neap Water Changes Encapsulation
Efficiency (%) £ SD . .
(L/h) Efficiency (%) £ SD
1 89.36 + 0.085
- +
NPA-FA 7516 +5.148 05 90.22 + 0.007
1 81.27 £0.792
NPB-FA 64.86 + 6.357 0.5 89.46 + 0.276

The values obtained could be related to the high solvent miscibility in the
continuous phase. It has been shown that if the solvent has a good miscibility, such as
in acetone, a very fast solidification of the polymer may occur during the evaporation
step. Especially for a hydrophobic drug, a rapid solidification is advantageous in order
to obtain high EE, because the dense polymeric shell that is obtained acts as a diffusion
barrier for the drug [54]. Additionally, faster hardening can be observed when the
volume ratio of continuous to dispersed phase increased (as in our case where a 2:1
ratio is used), which could result in fast solidification of the systems and so improve
the effectiveness of encapsulation [58].

NPB-FA showed a lower drug loading than NPA-FA made up of PLA polymer.
The lower EE could be attributed to the lower ability of a drug interaction with the
polymer. This capacity depends on the drug interaction with the matrix, therefore the
more of the drug that is akin to the polymer, the greater the amount of encapsulated
FA will be [59].

PLA polymer has a greater hydrophobicity with respect to PLGA, which
instead contain a glycol portion in its structure, which provides hydrophilic properties
to the polymer [49].

Release curves of pure drug and FA-loaded NPs of are shown in Figure 3. More
than 80% of FA powder released quickly in 2 h under PBS conditions (pH = 7.4). The
release rate was similar to a straight line between 0 and 2 h, then the slope tends to
decrease. After 8 h, the drug concentration was almost unchanged, suggesting that FA
was completely released into the solution.

As shown in the graph, the slope in the NPs release curves is reduced compared
to the pure drug, indicating that the encapsulation of the drug was able to provide a
more prolonged release over time. FA release from the NPs in the first 2 h was about
23% for both systems. This premature release could be due to the amount of unloaded
FA that was not removed through dialysis. The release profile then increased gradually,
reaching about 50% after 4 h from NPB-FA and 5 h from NPA-FA. The FA concentration
increased to the theoretical maximum concentration in 48 and 24 h for NPA-FA and
NPB-FA, respectively.
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Figure 3. In vitro release profiles of pure drug, NPA-FA and NPB-FA in phosphate buffered
solution (pH 7.4) at 37 °C.

Although both curves show similar trends, NPA-FA releases lower drug
concentrations over time than NPB-FA. The release profile of a drug is governed by its
partitioning between the polymer matrix and the aqueous release medium [60]. The
difference in release rates could therefore be attributed to the nature of the investigated
matrices. NPA-FA, which has demonstrated higher EE, showed a relatively lower drug
release than NPB- FA containing a hydrophilic portion in the matrix composition. A
similar behavior was observed in a study by Panyam et al., which demonstrated a close
correlation between drug release profiles and the degree of hydrophilia of the polymer
matrix [49]. The release process is controlled by the degradation rate of the polymer
[61,62]. During this process the drug diffuses through the hydrated polymer matrix to
the release medium. The water uptake into the systems relaxes the polymer chains and
increases the rate of diffusion of drug molecules [63]. Therefore, a higher release rate is
justified for NPB-FA particles more hydrophilic than NPA-FA.

3.4 Stability Studies on Resuspended Freeze-Dried FA-Loaded NPs

Liquid polymeric nanosuspensions have some limitations related to the
integrity of the formulations. Among these, a recurring phenomenon is the formation
of undesirable degradation products generated by hydrolysis of the polymeric material
[64,65]. Another limitation of nanosuspensions has been reported about the possibility
of premature release of the encapsulated drug [66]. To exceed the above limits, samples
were converted from aqueous suspensions to dried powders through the freeze-drying
process. However, the freezing and drying steps for removing water from nanosystems
subject them to various stresses, so cryoprotective agents are usually added to the
formulation with the aim to preserve the structure and morphology of colloidal
systems and increase their stability during storage [67,68]. Carbohydrates are among
the most commonly used adjuvants able to prevents aggregation phenomena. A good
quality lyophilized product is characterized by quick and easy reconstitution, as well
as by maintaining the particle size [69]. In our previous studies it was demonstrated
that an elegant cake appearance and a short reconstitution time were achieved when
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5% (w/v) of HP-B-Cyd was employed as cryoprotectant, because, thanks to its cyclic
structure, it is able to be easily absorbed onto the NPs surface during the sublimation
step, ensuring also an easy reconstitution of the dried material [28,68]. Furthermore,
the concentration of cryoprotectant used is able to provide a dispersion of NPs with an
adequate tonicity for ocular administration [70]. SEM scans of cryoprotected and
freeze-dried empty and FA-loaded NPs are shown in Figure 4. Results showed NPs
with a spherical shape, smooth surface, and a reduced average-diameter compared to
pre-lyophilization values, as reported in Table 1.

Figure 4. SEM micrographies of: (A) NPA (B) NPB-FA (C) NPB and (D) NPB-FA.

The results obtained from the stability studies conducted on lyophilized
systems resuspended with distilled water and stored at refrigeration temperature have
shown a chemical-physical stability almost unchanged over time. The data collected
are shown in Figure 4. PCS analysis provided further confirmation of the reduction in
the mean size of the systems (Figure 5A), which remained stable during the storage
time considered. In addition, the PDI of all the analyzed formulations maintained
constant values, always below 0.2 (Figure 5B). From the analysis of the ZP (Figure 5C) it is
possible to observe a slight decrease in this parameter over the course of 28 days, despite
the fact that the surface charge of the systems always remains greater than 20.5 mV. In
general, dispersions with high absolute values of ZP are considered stable because the
electrical repulsion between the charges of the NPs is able to reduce the aggregation
capacity of systems [61,71]. Therefore, NP formulations were found to be physically
stable, and aggregation of colloidal particles was probably prevented due to adequate
values of ZP. Figure 5D, E show respectively measurements of osmolarity and pH values
of the NPs suspensions, whose variations over time have proved to be practically
irrelevant.
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samples stored at 5 °C.
3.5 Thermal and Infrared Analyses of Cryoprotected and Freeze-Dried Nanoparticles

In order to investigate the polymorphic states and crystallinity of the materials used
during the preparation and of the cryoprotected and lyophilized formulations, we conducted
a DSC study. The NPs made of PLA are represented in Figure 6A, those produced with PLGA
are represented in Figure 7A.
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Figure 6. (A) DSC and (B) FT-IR curves of FA (a) PLA polymer (b) HP--CD (c) unloaded NPA (d) and
FA-loaded NPA nanoparticles (e).
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Figure 7. (A) DSC and (B) FI-IR curves of FA (a) PLGA polymer (b) HP-p-CD (c) unloaded NPB (d)
and FA-loaded NPB nanoparticles (e).

As shown in the curves (a) of both graphs, the melting point of FA is 172.3 °C,
which represents the characteristic endothermic peak of the drug [72]. The
disappearance of the characteristic endothermic FA peak in the thermograms of FA-
loaded NPs [Figures 6A and 7A(e)] demonstrates that the drug could be successfully
entrapped in the amorphous state within the formulated systems. As expected, the
polymer thermograms show characteristic peaks between 40-50 °C [73].

Regarding the DSC thermograms of the cryoprotected freeze-dried NPs, no obvious
melting process occurred. This could be due to the presence of cryoprotectants. It has
been shown that cryoprotectant molecules act through water substitution. The
stabilization of NPs could be explained as the formation of hydrogen bonds between
the polar groups on the polymer surface and the cryoprotectant molecules, resulting in the
loss of water [64]. HP-B- CD has a relatively high glass transition temperature (Tg). When
it is arranged around the NPs, it changes the collapse temperature of the systems. This
results in a shorter primary drying phase during lyophilization. The obtained
amorphous structures are characterized by a low aggregation capacity which prevents
the formation of agglomerates during the freeze-drying process [74,75].

FT-IR spectroscopic analysis was performed to identify the functional groups of the
materials used in the preparation and the chemical interactions that could have occurred in
the formulated carriers. The spectra of the raw materials and cryoprotected and freeze-
dried NPs, empty and loaded with FA, were scanned. The results are shown in Figures 5B
and 6B. The FA showed a peak at 3436 cm! typical for -OH stretching vibrations, the
absorption bands in the range 2968-3016 cm! corresponded to the presence of the alkane
groups. The band at 1690 cm! was observed for the C=O carbonyl group and the band
at 1277 cm! for the C-O group. The signals at 1619 and 1517 cm™ were related to the
vibration of the aromatic ring, while the peak at 1205 cm-! is typical for C-OH stretching
and finally, the band at 1035 cm? for methoxide O-CHjs stretching. The polymer spectra
also showed characteristic absorption bands. The broad bands at 3400 cm are typical
for hydroxyl groups, the bands at 2997 cm corresponding to the vibration for C-H
alkane groups, the characteristic stretching peaks for C=O carbonyl group are shown at
1751 and 1761 cm for PLA and PLGA, respectively. The bands between 1300 and 1400
cm! were characteristic for C-H alkane groups bending vibration and the bands in the
region between 1272 and 1048 cm! were characteristic for C-O vibration. Cryprotectant
FT-IR spectrum showed an absorption band at 3420 cm! for -OH stretching vibration, a
peak at 2933 cm! for alkane group vibration, and a signal at 1157 cm-! for C-O vibration.
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Cryoprotected and freeze-dried NPs scans, empty and loaded with FA, confirmed the
results obtained from the thermal analysis, which showed a similar trend to
cryoprotectant. In the infrared spectra of PLA (Figure 5B) and PLGA (Figure 6B) NPs,
all of the characteristic peaks of FA disappeared, while the cryoprotectant typical peaks
were detected at 3400 cm! for -OH group, at 2900 cm™? for alkane group and the bands
in the region between 1035-1157 cm for C-O groups. In addition, a characteristic
polymer peak at 1750 cm! for carbonyl group was detected. An interesting feature of
the NPs spectra was the appearance of a peak at 1650 cm-, attributable to the H-O-H
bending band, which suggested a possible chemical interaction between the
cryoprotectant and the polymer matrix.

Therefore, it could be stated that NPs consist of a polymeric matrix in which the drug
was present in a dispersed form and partially exposed on the surface, while the external
area of the matrix is covered by a cryoprotective layer capable of maintaining the
integrity of the nanosystems.

4. Conclusions

In this work, the synthesis of empty PLA (NPA), PLGA (NPB), and polymeric NPs
loaded with FA was developed for ophthalmic applications. The obtained systems
were characterized by PCS analysis, data show homogeneous particle populations with
a PDI<0.2, with adequate dimension for ophthalmic administration and a strongly
negative ZP, which reduces the probability of obtaining aggregates.

To obtain suitable formulations for in vitro or in vivo studies, different
purification techniques were analyzed. Centrifugation proved to be the least suitable
method because it involves heterogeneous and non-redispersible aggregate formation.
Dialysis on the other hand, did not affect the dimensional parameters or PDI values for
both frequencies of water changes tested. Purification efficacy was also evaluated in
terms of drug removed. Dialysis, which allows a high FA purification yield, was
performed with a frequency of water changes equal to 1 L/h. The formulations were
characterized in terms of osmolarity and pH, making them suitable for ocular
administration with well tolerated pH (7.3) and isotonic osmolarity values with the tear
fluid between 258-265 mOsm/Kg. The tolerability of the blank carriers was confirmed
by cell viability assays. NPA and NPB showed no toxic effect in the concentration range
0.25-1 mg/mL on endothelial cells, while on pericytes, NPs were safe at a higher
concentration range of 0.25-2.5 mg/mL. However, further studies would be required to
ascertain the toxicity of polymeric carriers in vivo. The encapsulation effectiveness was
also assessed for both loaded formulations (NPA-FA, NPB-FA) with drug entrapment
yields of 75.16 and 64.86%, respectively. The results of in vitro release studies showed
that obtained systems are able to provide a controlled FA release up to 48 h. Using 5%
(w/v) HP-3-cyclodextrin as cryoprotective agent, the polymeric carrier systems can be
freeze-dried, ensuring good physical-chemical properties upon reconstitution and over
28 days. From the results of morphological analysis, the nanoparticles showed a
spherical and smooth surface. Thermal and spectroscopic analyses confirmed that the
drug was encapsulated within the polymer matrix. Hypothesis made on the in vitro
biological tests must be confirmed with further studies which must also be conducted
on FA-loaded NPs, although the obtained results may not be correlated with results of
the in vivo studies where cellular homeostasis is governed by multiple factors.
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ABSTRACT

Melatonin (MEL) is a pleiotropic neurohormone of increasing interest as a neuroprotective agent in ocular dis-
eases. Improving the mucoadhesiveness is a proposed strategy to increase the bioavailability of topical formu-
lations. Herein, the design and optimization of MEL-loaded lipid-polymer hybrid nanoparticles (mel-LPHNs)
using Design of Experiment (DoE) was performed. LPHNs consisted of PLGA-PEG polymer nanoparticles coated
with a cationic lipid-shell. The optimized nanomedicine showed suitable size for ophthalmic administration
(189.4 nm; PDI 0.260) with a positive surface charge (+39.8 mV), high encapsulation efficiency (79.8 %),
suitable pH and osmolarity values, good mucoadhesive properties and a controlled release profile. Differential
Scanning Calorimetry and Fourier-Transform Infrared Spectroscopy confirmed the encapsulation of melatonin in
the systems and the interaction between lipids and polymer matrix. Biological evaluation in an in vitro model of
diabetic retinopathy demonstrated enhanced neuroprotective and antioxidant activities of mel-LPHNs, compared
to melatonin aqueous solution at the same concentration (0.1 and 1 pM). A modified Draize test was performed
to assess the ocular tolerability of the formulation showing no signs of irritation. To the best our knowledge, this
study reported for the first time the development of mel-LPHNS, a novel and safe hybrid platform suitable for the
topical management of retinal diseases.

1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine, MEL) is a pleiotropic neurohormone
of promising interest in the treatment of eye diseases. Several studies have demonstrated
its antioxidant, anti-angiogenic, anti-inflammatory, anti-apoptotic and hypotensive
properties in neurodegenerative ocular diseases (Lundmark et al., 2006, Martinez-Aguila
et al., 2021). Due to its countless beneficial effects, this molecule is gaining increasing
interest as a neuroprotective agent (Yu et al. 2021). Despite its advantages, high-dose
intravitreal administration of MEL may be inappropriate for compromising both the
morphology and function of retinal cells. In this regard, to reduce the toxic effects on
retinas, it may be useful to develop controlled release carriers to be topically applied
(Tao et al., 2020). Bessone et al. found that topical instillation of MEL encapsulated in
ethylcellulose nanoparticles provides an efficient neuroprotection of retinal ganglion
cells (RGCs) (Bessone et al., 2020). It is worth to note that melatonin regulates changes in
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neurosteroids levels, these latter are neuroprotective for the retinal tissue (Bucolo and
Drago, 2004). After topical administration on rabbit eyes, Musumeci et al., reported a
prolonged hypotensive effect when MEL was delivered in PLGA-PEG nanoparticles
(NPs), compared to a drug aqueous solution at the same concentration, suggesting a
potential application of nanosystems for glaucoma treatment (Musumeci et al., 2013). In
addition, it has been shown that the desired pharmacological effect of the drug occurred
when topical administration is instilled at micromolar concentrations. Initially, almost
all the administered drugs (>99%) would reside outside the posterior segment, towards
which they would be progressively released to reach the inner retinal structures at
nanomolar concentrations, sufficient to induce a neuroprotective effect (Martinez-
Aguila et al., 2016, Dal Monte et al., 2020). Topically administered formulations for the
treatment of diseases affecting the eye posterior segment are the most convenient but
also the most complicated. The main obstacle is the limited residence time of the drug
on the corneal surface, which reduces absorption (Scheive et al., 2021). There are many
factors that trigger this problem, including rapid tear turnover, blinking, nasolacrimal
drainage, and systemic absorption. As a result, the amount of drug that is bioavailable
within the eye is less than 5% and penetration into intraocular tissues is less than 0.001%
(Gaudana et al., 2009, Agrahari et al., 2016, Varela-Fernandez et al., 2020).

A promising strategy to improve bioavailability is to prolong the corneal
retention using systems with mucoadhesive properties that increase corneal residence
time (Wang et al.,, 2017). Nanomedicines with mucoadhesive properties have been
proposed to overcome these challenges such as niosomes, liposomes, nanostructured
lipid carriers and polymeric nanoparticles (Silva et al., 2021).

From the comparison between the two different matrices, lipid and polymer-
based, both classes present advantages and limitations in terms of physico-chemical
properties (Hadinoto et al., 2013, Date et al., 2018). To overcome these limits and obtain
nanomedicine characterized by the advantages of both matrices, such as a high
encapsulation efficiency and a well-controlled release kinetics, a new generation of NPs
has been designed, the lipid-polymer hybrid nanoparticles (LPHNs) (Mukherjee et al.,
2019). Based on their structure, these hybrid systems are classified as: (i) monolithic
LPHN:Ss, consisting of a polymeric matrix inside which lipid molecules are dispersed; (ii)
biomimetic LPHNSs, designed with a polymeric matrix coated with erythrocyte
membrane; (iii) polymer -caged liposomes, consisting of a liposomal matrix with
polymers on the surface; (iv) core-shell type LPHNSs, possessing a structure
characterized by a polymer core coated with a lipid shell (Date et al., 2018). To date,
several applications of LPHNs have been reported such as delivery of antibiotic drugs,
chemotherapeutics, diagnostics contrast agents, and gene therapy agents (Aryal et al.,
2010, Liu et al., 2010, Zhong et al., 2010, Aryal et al., 2011, Cheow et al., 2011, Kandel et
al.,, 2011, Aryal et al., 2012, Cheow and Hadinoto, 2012, Mieszawska et al., 2012, Wang et
al,, 2012, Aryal et al., 2013, Fang et al., 2014, Feng et al., 2014, Lee et al., 2014, Agrawal et
al., 2015, Gao et al., 2015, Evangelopoulos et al., 2016, Yan et al., 2016, Zhang et al., 2016).

This new generation of NPs has also been used for ocular drug delivery. Diebold
et al. designed chitosan/phospholipid LPHNs with mucoadhesive properties for drug
delivery to the anterior eye segment by topical application (Diebold et al., 2007); Gan et
al., reported hyaluronic acid-functionalized LPHNSs to increase delivery to the retinal
pigment epithelium (RPE) targeted after intravitreal injection (Gan et al., 2013);
analogous systems administered topically showed permeation confined to the
superficial eye layers (cornea and conjunctiva). Here for the first time, the topical
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application of LPHNs was investigated for potential retinal delivery. The common
choices of biodegradable polymers included polylactic-co-glycolic acid (PLGA),
polycaprolactone (PCL) and their copolymers with polyethylene glycol (PEG) due to
their biocompatibility, biodegradability, non-toxicity and previous use in several FDA-
approved therapeutic products (Zhang and Zhang, 2010). The commonly used lipids in
the preparation of LPHNs include cholesterol, phosphatidylcholine, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and lipid-PEG materials
such as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol (DSPE-
PEG) (Sengupta et al., 2005, Zheng et al., 2010, Su et al., 2011). It should be noted that the
addition of PEG always occurs by conjugation with the lipid, used as an anchor point
(Chan et al.,, 2009). To our knowledge, the use of pegylated copolymers is a rare
approach, to date exclusively employed for siRNA delivery in cationic hybrid systems.
In this case, the cationic lipids were exploited to allow binding to the negatively charged
siRNA and PEG portions to allow extended circulation time by eluding
reticuloendothelial system (RES) uptake (Yang et al., 2012, Khodaei et al., 2021). With the
aim of prolonging corneal retention time, the novelty of this work was the design of
hybrid nanoparticles consisting of a PLGA-PEG copolymer, to exploit the PEG
mucopenetrating agent action, and two cationic lipids, used to enhance mucoadhesion
through electrostatic interaction with the anionic ocular mucosa. Selected cationic lipids
have been previously used in ophthalmic pharmaceutical formulations,
cetyltrimethylammonium bromide (CTAB) and didodecyldimethylammonium bromide
(DDAB) (Fangueiro et al., 2014, Almeida et al., 2015, Leonardi et al., 2015, Carbone et al.,
2016).

The present study was aimed to design and optimize MEL-loaded LPHNs (mel-
LPHNSs) using the single-step nanoprecipitation method. The optimization of
nanocarriers was performed using the statistical experimental design approach, setting
up a 3-level factorial design (independent variables: MEL and lipids concentrations;
dependent variables: zeta potential (ZP) and encapsulation efficiency (%EE)). The
selected final nanomedicine was deeply investigated in terms of physico-chemical,
mucoadhesive properties, and release profile. Solid-state thermal and infrared analysis
were done on the produced mel-LPHNSs. Their morphology was investigated by
transmission electron microscopy (TEM), and stability studies were carried out
following ICH QA(R?2) guidelines. In vitro and in vivo tests were performed after a UV-
radiation process to obtain adequate sterilization, hence microbiological assays were
carried out. The antioxidant and neuroprotective activities of delivered MEL was
assayed in vitro on a model of glucose-induced diabetic retinopathy on Human Retinal
Endothelial cells (HREC). Draize test was performed to evaluate the ocular tolerability
of the formulation.

2. Materials and methods

2.1Materials

MEL (powder <98%), poly(ethylene glycol) methyl ether-block-poly(lactide-co-
glycolide) (PEG average Mn 5000, PLGA Mn 55000), poly(D,L-lactide-co-glycolide)acid
terminated (lactide:glycolide 75:25, Mw 4,000-15,000), polyoxyethylene sorbitan
monooleate (Tween 80®), CTAB (cetyltrimethylammonium bromide), DDAB
(didodecyldimethylammonium bromide), dibasic sodium phosphate, benzalkonium
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chloride (295.0%), glycerol, and mucin from porcine stomach type II were purchased
from Merck Life Science S.r.l. (Milan, Italy). Ethanol (96% purity) and acetone were
obtained from Honeywell (Monza, Italy). Acetonitrile 200 for UV was kindly supplied
by Romil Ltd. (Cambridge, UK). All other chemical reagents, solvents used for HPLC
analysis, and deionized water were of analytical grade.

2.2Experimental design

The experimental design was created using Design-Expert® software (version 11
Stat-Ease Inc., Minneapolis, MN, USA). Response surface quadratic model using I-
optimal design was performed to optimize mel-LPHNs and investigate the correlation
between responses and factors (Bonaccorso et al., 2021). The design was composed of
three independent variables such as MEL (X1), CTAB (X)) and DDAB (X3) concentrations
at three coded levels as shown in Table 1.

Table 1. Factors and the corresponding levels investigated during the I-optimal design.

Coded levels
Coded Factors
low  medium high
X1: MEL conc. (% wt/wt) 1 3 5
Xa: CTAB conc. (% w/v) 0 0.25 0.50
X3: DDAB conc. (% w/v) 0 0.25 0.50

According to the design, 18 formulations were prepared, and the effect of the
factors was studied on the mel-LPHNs ZP (Y1) and %EE (Y2) which were chosen as
response variables. The order of the experiments was randomized to avoid experimental
bias. The nonlinear computer-generated quadratic model for design can be expresses as
the following second-order polynomial:

R=bo+ 01X1+ by Xo + b3 X5 + b1z Xi X5 + b1z X1 X5 + bas XoX5 + bin Xa2 + b X352 + baz X5?
where R is response, by is intercept, b1-bs3 are regression coefficients computed from the
observed values of R from experiments, and Xi;, X; and X3 are independent variables.
The terms (X1Xz, X1X3 and X2X3) and (Xi2, X22 and X32) represent the interaction and
quadratic terms, respectively (Kalam et al., 2013).

The obtained responses were subjected to model fitting using analysis of variance
(ANOVA), and the best model fit was selected based on statistical parameters such as
standard deviation (SD), R? and the lack of fit. Numerical and graphical optimizations,
through three-dimensional (3D) response surface plots, were performed to generate
maximum desirability, which correspond to the geometric mean of all individual
desirability for each response. Finally, the optimized formulation was selected from the
design space and used for further investigations.

2.2Nanoparticles preparation
2.3.1. Hybrid nanoparticles preparation

A modified nanoprecipitation method was used as a single-step technique to
prepare mel-LPHNs (Musumeci et al., 2013). Briefly, PLGA-PEG (3 mg/mL) and MEL
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(1, 3,5 % drug-to-polymer w/w ratio) were dissolved in the organic phase (acetone). The
aqueous phase composed of a water/ethanol solution (1:1, v/v) containing 0.1 % w/v
Tween 80® and different concentrations of the employed lipids (0, 0.25, 0.5 % w/v) was
placed in a capped vial and heated to 70 °C to ensure lipids melting. The organic phase
was then added dropwise to the aqueous phase at room temperature under magnetic
stirring, obtaining a milky colloidal suspension. The organic solvent was removed under
vacuum by a rotavapor (Buchi R111) at 40 °C. The formulations were purified through
centrifugation (12000 rpm) for 1 hour at 8 °C, using a Thermo Scientific SL16R, equipped
with a FiberLite™ F15-6x100y fixed angle-rotor (Thermo Scientific Scientific Inc.,
Waltham, Massachusetts, USA). The obtained pellet was resuspended with the same
volume of the aqueous phase as the pre-purification phase. Both unpurified and purified
samples were characterized according to the mean diameters provided by the
instrument as Z-Ave, size distributions (polydispersity index, PDI) and ZP

2.3.2 Preparation of P-NPs and P-PEG-NPs

To perform mucoadhesion studies (in section 2.10 below), MEL-loaded P-NPs/P-
PEG-NPs were prepared from PLGA and PLGA-PEG diblock copolymer, respectively.
The nanoprecipitation method was used as previously reported (Musumeci et al., 2013).
Briefly, PLGA or PLGA-PEG (3 mg/mL) and MEL (1%, drug-to-polymer weight ratio)
were dissolved in acetone. The organic phase was added dropwise under constant
agitation (500 rpm) at room temperature into the aqueous phase (water/ethanol 1:1 v/v
containing 0.1% w/v Tween® 80) until a milky suspension was obtained. Organic
solvents were removed under vacuum (Buchi R111) at 40 °C. The nanosystems were
purified by different techniques. P-NPs consisting of the PLGA polymer were subjected
to dialysis with a water change rate of 1 L/h; according to our previous findings, the
purification of P-NPs by centrifugation resulted in the formation of heterogeneous, non-
redispersible aggregates (Romeo et al, 2021). P-PEG-NPs were purified by
centrifugation (12000 rpm) for 1 h at 8 °C using the Thermo Scientific SL16R centrifuge
(Thermo Scientific Inc., Waltham, Massachusetts, USA) followed by resuspension of the
pellet in water. The obtained P-NPs and P-PEG-NPs nanosuspensions were subjected to
the mucin particle method.

2.4Physico-chemical characterization and % EE of the designed mel-LPHNs

Photon correlation spectroscopy (PCS) was performed using Zetasizer Nano S90
(Malvern Ins. Ltd., Malvern, UK), to determine the particle size, PDI and ZP of mel-
LPHNs. The experiments were carried out by measuring the intensity changes of
scattered light, at 25 °C, using a 4 mW He-Ne laser operating at 633 nm, with a detection
angle of 90°. Each sample was measured in triplicate and the results are expressed as
mean * SD. %EE of mel-LPHNs was measured through spectrophotometry (UH5300
UV-visible spectrophotometer, Hitachi, Chiyoda, Japan). The MEL-loaded
nanosuspensions (1, 3, 5 % wt/wt) were centrifuged at 12000 rpm for 1 h at 8 °C (Thermo
Fischer Scientific Inc., USA). The supernatant solution was separated while the NP pellet
was dissolved in 1 mL of acetonitrile. The concentration of MEL in the samples was
quantified from absorbance measurements at a A\ max of 278 nm against the standard
calibration curve that was linear in the concentrations range 10-50 pg/mL (R? = 0.9989).
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EE (%) = amount of drug in the pellet 100
o total amount of drug

2.50smolarity and pH adjustment of the selected mel-LPHNs

To make the optimized mel-LPHNs formulation adequate for ophthalmic
administration, a suitable resuspension medium, consisting of water for injectable
preparations with the addition of glycerol (2.6 % w/v) as an osmotic agent and
benzalkonium chloride (0.01 % w/V) as a preservative, was prepared (Ahuja et al., 2008,
Badr et al., 2021). To assess the fitness of the selected medium, pH and osmolarity values
were measured after mel-LPHNSs resuspension.

The osmolarity of mel-LPHNs was measured by freezing point depression (FPD)
using a digital osmometer (Osmomat 030, Gonotec, Berlin, Germany). The determination
of pH was carried out at 25 °C using a pH-meter (Seven Compact™ S210, Mettler Toledo
S.p.A, Milano, Italy). Analyses were performed in triplicate and results are expressed as
mean *= SD. The adjusted resuspension medium was wused for subsequent
characterization studies.

The resulting optimized mel-LPHNSs was sterilized by UV irradiation (250-270
nm) for 30 min before in vitro and in vivo studies.

2.6Morphological characterization and in vitro release profile of the selected mel-LPHNs

The morphology and shape of mel-LPHNs were analyzed by TEM as previously
reported (Duskey et al., 2021). Briefly, mel-LPHNs were diluted 1:100 (v/v) in deionized
water. A drop of diluted suspensions was placed on a 200-mesh formvar copper grid
(TABB Laboratories Equipment, Berks, UK). Excess water was removed by drying at
room temperature. Images were acquired using a Nova NanoSEM 450 (FEI, Hillsboro,
OR, USA) transmission electron microscope operating at 30 kV with the spot set to 1.5
using a STEM II detector in Field free mode.

The in vitro release behavior of mel-LPHNs and MEL aqueous solution in
phosphate buffered saline (PBS; pH 7.4) was evaluated through dialysis bag method.
The amount of drug released from mel-LPHNs was measured after samples
centrifugation, performed at 12000 rpm at 8 °C for 1 h; the pellet was resuspended in 1
mL of PBS, pH 7.4 and the suspension was transferred into dialysis tube (Spectra/Por®
membranes, MWCO 3.5 kDa). The latter was incubated in 19 mL of medium (PBS, pH
7.4), maintained under magnetic stirring at 37 °C for up to 8 days. At predetermined
time points (0, 1,2, 3,4, 5, 6,7, 8, 24, 48, 72, 96, 120, 168 and 192 h), 500 pL of the release
solution was withdrawn and replaced with the same volume of fresh buffer. The
concentration of MEL was quantified by High-Performance Liquid Chromatography
(HPLC): a 20-pL sample was injected into a LiChrospher® RP-18 HPLC column (15 cmx
3.2 mm; 5 pm) at room temperature, at a flow rate of 1 mL/min, with a run time of 6
min, and MEL was detected at a retention time of 4.3 min and a wavelength of
230 nm. The mobile phase was composed of acetonitrile:water (55:45). The standard
calibration curve prepared at different dilutions of MEL in the mobile phase was linear
in the concentration range of 0.005-1 pg/mL (R? = 0.9987). Release studies were
performed in triplicate for each formulation.
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2.7Differential Scanning Calorimetric Analysis (DSC)

Thermal analyses were performed for raw materials such as neat MEL, PLGA-
PEG, CTAB, DDAB and freeze-dried mel-LPHNSs using a DSC1 Star System apparatus
(Mettler Toledo, Schwerzenbach, Switzerland) equipped with a Poly-Science
temperature controller (PolyScience, Illinois, USA). The DSC detection system consists
of ceramic Mettler Full Range (FRS5, with 56 thermocouples) and High Sensitivity
(HSS8, with 120 thermocouples) sensors. Calorimetric resolution and sensitivity of
sensors, determined through the TAWN test, were respectively between 0.12 - 0.20 and
11.9 - 56.0. Each scan has an accuracy of + 0.2 °K and a precision of + 0.02 °K. Here, 3 mg
of each sample were accurately weighed and placed into 40 pL aluminum crucible and
sealed using an aluminum lid by a sealing machine. Samples were submitted to DSC
analysis by setting a heating cycle followed by cooling in the temperature range of 20-
160 °C, with a scan rate of 5 °C/min (heating cycle) and 10 °C/min (cooling cycle). The
obtained transition temperature data was extrapolated from the peak areas with the
Mettler STARe Evaluation software system installed on Optiplex3020 DELL.

2.8Fourier-Transform Infrared Spectroscopy (FTIR) measurement

Infrared analyses were performed for neat MEL, PLGA-PEG polymer, CTAB, DDAB
and mel-LPHNSs. Absorption spectra were recorded using an FT-IR spectrophotometer
(Perkin-Elmer 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. All samples were cast on NaCl plates except MEL analyzed by the KBr disk
method. Data were collected in the wavenumber range 400-4000 cm and each measured
spectrum was averaged from 20 scans with a resolution of 2 cm? at room temperature.

2.9 Stability evaluation of optimized mel-LPHNSs

Stability evaluation of the optimized batch of the optimized and selected mel-LPHNs
suspension was determined by measuring the physico-chemical properties of the
nanosuspension stored for a period of six months at different temperatures and relative
humidity (RH). The formulations were stored at refrigeration temperature (5 °C £ 3 °C)
and under accelerated conditions (40 °C + 2 °C /75 + 5% RH) according to the
International Conference on Harmonization (ICH) guidelines (QA(R2)) (EMA, 2003).
Batches were kept refrigerated or stored in an environmental simulation chamber to
keep constant climatic conditions (Binder GmbH, Tuttlingen, Germany). Samples were
withdrawn at different intervals (0, 1, 2, 3, 4, 5, 6 months) and evaluated for Z-Ave, PDI,
ZP and osmolarity. The %EE was assessed at the beginning, after 3 months and at the
end of the storage time. All measurements were made in triplicate and all data were
expressed as mean + SD.

2.10In vitro NPs mucoadhesive evaluation by mucin particle method

In this study, the potential mucoadhesive properties of the optimized mel-
LPHNs was evaluated by the mucin particle method (Bonaccorso et al., 2018, Pai et al.,
2019). NPs uncoted and coated with cationic lipids were analyzed in presence of mucin,
with the aim of exploring and comparing the mucoadhesive propensity of the studied
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nanosystems. In detail, NPs with different external shells were analyzed: hydrophobic
consisting of PLGA polymer (P-NPs), hydrophilic composed of a PLGA-PEG matrix (P-
PEG-NPs) and PLGA-PEG/ cationic lipids (mel-LPHNSs).

Briefly, an accurately weighed amount of mucin was dispersed in phosphate
buffer pH 6.8 to obtain 0.25 and 0.5 % w/v solutions. Then, 1 mL of mucin solution was
mixed with an equal amount of the respective nanosuspension and vortex-mixed for 1
min. Samples were incubated at 37 °C for 1 and 24 h, and finally, to assess NP/mucin
interaction, PCS analysis was performed using the Zetasizer Nano S90, as described
above. Controls (Ctrl), consisting of mucin, P-NPs, P-PEG-NPs, and mel-LPHN
dispersions in phosphate buffer (pH 6.8) were also treated and measured in the same
way. Analyses were performed in triplicate for each sample.

2.11 Microbiological test to evaluate sterilization process

Microbiological analyses were performed according to the European
Pharmacopoeia (01/2005:20601), at laboratory of Food Microbiology of the Department
of Agriculture, Food and Environment (Di3A), University of Catania.

As reported in the official protocol, both the validation and sterility tests were
performed. In details the following strains: Clostridium sporogenes ATCC 11437,
Pseudomonas aeruginosa ATCC 9027, Staphylococcus aureus ATCC 25213, Bacillus subtilis
ATCC 19659, Candida albicans ATCC 1023 and Aspergillus flavus ATCC 16883 were used.
Based on official guidelines, the analytical procedure was validated by performing a
validation test, which is designed to verify the absence of substances inhibiting the
growth of microorganisms in the product to be examined. In this regard, in order to
ensure the viability of the selected target strains, the strains were cultivated in
appropriate media and conditions. In details, the strains were previously inoculated and
incubated at the optimal growth conditions. C. sporogenes, P. aeruginosa and S. aureus
were inoculated in Thioglycollate medium (L-cystine 0.5 g; agar 0.75 g; glucose
monohydrate/anhydrous 5.5 g; yeast extract 5 g; pancreatic digest of casein 15 g; sodium
thioglycollate 0.5 g; resazurin sodium solution 1 g/L freshly prepared; water R to 1000
mL; the pH of medium, after sterilization, was set to 7.1 + 0.2) and incubated for 3 days
at the optimal growth conditions. B. subtilis, C. albicans and A. flavus were inoculated into
TSB Triptic Soy Broth (TSB, Oxoid, Italy) medium and incubated for 3-4 days at the
optimal growth conditions. The media were considered suitable when a clear growth
was observed. The validation test was performed using three samples of mel-LPHNS:
one previously subjected to UV treatment for 30 min, one did not UV-treat, and the last
one treated with UV light, opened and analyzed after 28 days (shelf-life for multi-dose
eye drop) before the analyses. Fresh cultures of target strains, obtained as above, were
dissolved into a sterile saline solution (0.9 w/v of NaCl) and transferred into 1 mL of
each mel-LPHNs samples, to reach a final density of 100 Colony Forming Units (CFU).
One mL of the obtained mixture was filtered through a 0.45 pm membrane and the
membranes were subsequently placed into a suitable agar medium. A positive control
of each strain was performed. After the incubation, a clearly visible growth of
microorganisms was obtained comparable to the positive control test, highlighting that
the samples did not possess any antimicrobial activity under the test conditions or that
such activity has been satisfactorily eliminated. In parallel with the validation test, the
sterility test was carried out using the technique of membrane filtration by direct
inoculation of the standardized microbial culture with the mel-LPHNs samples.
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Appropriate negative controls were included. After filtration, the whole membrane was
transferred to the culture medium and incubated for 15 days. During the incubation
time, the plates were examined to detect microbial growth, at regular intervals.

2.12In vitro biological assessment
2.12.1Cell viability assay

Cell viability was assessed in an in vitro model of diabetic retinopathy by the 3-
[4,5-dimethylthiazol-2-y 1]-2,5-dipheny] tetrasodium bromide (MTT assay). HRECs were
cultured in the presence of a normal concentration of glucose (5 mM, NG), or treated
with a high concentration of glucose (25 mM, HG) for 48h in order to mimic a
hyperglycemic insult, in the presence or absence of 0.1 and 1 pM of LPHNSs, 0.1 and 1
M of mel-LPHNSs or 0.1 and 1 pM of pure MEL. At the end of treatments, 20 uL of 5
mg/mL MTT were added to the medium that was then incubated for 4 h at 37 °C. The
supernatants were replaced with 150 pL of DMSO to dissolve the precipitate. The
absorbance of the mixtures was determined at 570 nm in a plate reader (VariosKan,
Thermo Fisher Scientific, Waltham, MA, USA) (Lupo et al., 2019).

2.12.2ROS determination

ROS production was detected by a spectrophotometric evaluation of a dichloro-
dihydro-fluorescein diacetate (DCFH-DA) fluorescent probe. After the treatments of
HREC reported in section 2.11.1., cells were incubated with 25 pM 2,7-
dichlorodihydrofluorescein diacetate (DCFDA) in a buffer solution at 37 °C for 30 min.
Then, DCFDA was replaced with 100 pL of medium and the ROS concentration was
measured by VarioskanTM (Aex = 495 nm, Aem = 529 nm) (Giurdanella et al., 2022).

2.13Draize Test
2.13.1Animals

Male New Zealand albino rabbits (2.0-2.5 kg) were purchased from Envigo
(Udine, Italy). Animals were housed under standard conditions with food and water
provided ad libitum in a light- controlled room and set temperature and humidity.
Animal care and experimental procedures were carried out according to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. Protocols were
approved by the Institutional Animal Care and Use Committee of the University of
Catania (project #886).

2.13.20cular tolerability

The potential ocular irritancy and/or damaging effects of unloaded formulation
and MEL-ladden formulation were evaluated according to a modified Draize’s test (4
animals/group) (Leonardi et al., 2014, Puglia et al., 2018). Analysis was carried out using
a slit lamp (mod. 4179 T Sbisa, Florence, Italy). Congestion, swelling, and discharge of
the conjunctiva were graded on a scale from 0 to 3 (0 = normal; 1, 2 and 3 = discrete,
moderate and intense dilatation of conjunctival vessels, respectively), 0 to 4 (0 = normal;
1, 2, 3 and 4 = discrete, moderate, intense, intense + lid closure conjunctival swelling,
respectively), and 0 to 3 (0 = normal; 1, 2 and 3 = discrete, moderate and intense
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discharge, respectively). Iris hyperemia was graded on a scale from 0 to 4 (0 = normal, 1
= discrete dilatation of iris vessels; 2 = moderate dilatation of iris vessels; 3 = intense
iridal hyperemia with flare in the anterior chamber; 4 = intense iridal hyperemia with
flare in the anterior chamber and presence of fibrinous exudates). Corneal opacity was
graded on a scale from 0 to 4 (0 = normal, 1 = some spots of opacity; 2 = diffuse cortical
opacity; 3 = cortical and nuclear opacity; 4 = intense opacity plus posterior subcapsular
opacity). Formulations (30 pL) were topically administered in the right eye every 30 min
for 6 h (12 treatments). At the end of the treatment, two observations at 10 min and 6 h
were carried out to evaluate the ocular tissues. Observations were made by two
independent observers in a masked way. Methylene blue staining was used to evaluate
the corneal integrity, which allows an accurate determination of the extent of epithelial
damage because of its poor diffusion through the stromal layer of the cornea. Intraocular
pressure (IOP) was measured at baseline and at the end of treatment (after 6 h) using
Bio-Rad Tono-Pen XL tonometer.

2.14 Statistical analysis

All experiments were carried out in triplicate and results presented as mean *
SD. A single factor ANOVA was used to compare the treatments, where differences
between groups were considered significant for a p-value < 0.05. The T-test was used to
calculate the statistical significance in mucoadhesion studies; the obtained values were
considered not significant for p-value > 0.05, significant for p-value < 0.05, very
significant for p-value < 0.01 and extremely significant for p-value < 0.001 respective to
the control group.

3.Results and Discussion

In order to improve the absorption of a topically administered drug loaded
nanomedicine, one strategy could be to increase interactions with biological substrates
by modifying the surface properties of NPs (Rabinovich-Guilatt et al., 2004). Our novel
nanotechnology was developed with cationic lipids and PEG as a mucus penetrating
agent to synergistically promote corneal retention and mucoadhesion of nanocarriers.
Currently, for the preparation of LPHNs two methods are mainly followed, two-step
and single-step. The first involves that the polymer core and the lipid coating are
prepared separately, and the two components are then incubated together to obtain the
core-shell structure. Beyond the requirement of longer preparation times, the limitation
of this technique lies in the incubation phase, during which part of the drug could be
expelled from the matrix before the lipid coating forms on the surface. Instead, the
single-step method is quick, simple, and reproducible, since it involves the self-assembly
of the lipid coating on the polymer matrix in a single step, making this technique suitable
for industrial scale-up (Zhang et al., 2008). Thus, the one-step emulsification-solvent
evaporation or nanoprecipitation, with slight modifications, preparation techniques
were used. The emulsification-solvent evaporation method has two variants, single or
double emulsion, used respectively to encapsulate water-insoluble and water-soluble
drugs. While the nanoprecipitation technique is limited to water-insoluble drugs, briefly,
the polymer and drug are solubilized in a water-miscible organic solvent (e.g., acetone
or acetonitrile) and then added dropwise under magnetic stirring into the aqueous phase
containing lipids (Cheow and Hadinoto, 2011). The organic phase in contact with the
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aqueous phase would result in the polymer coiling in the NPs and self-assembly of the
lipid monolayer. To date, the development of self-assembled LPHNs has been used to
prepare nanosystems with different applications such as the delivery of anti-cancer
agents (vincristine sulphate, methotrexate, paclitaxel and siRNA) for breast or prostate
cancer. To the best of our knowledge, this technique has not been used until now to
prepare LPHNSs for ophthalmic administration (Ling et al., 2008, Zhang et al., 2010, Yang
et al., 2012, Garg et al., 2015, Godara et al, 2020). To produce mel-LPHNS,
nanoprecipitation using the single-step method was employed. This method has several
operational advantages, such as the use of highly biocompatible solvents; in our case
acetone and ethanol used in the preparation belong to class 3 according to the ICH
solvent toxicity scale and present very low risks for human health. In addition, the
chosen method allows the use of low concentrations of surfactant, in our case 0.1%
Tween®80 (w/v) which is highly tolerated for ophthalmic use (Leonardi et al., 2015).

3.1Experimental design: effect of independent variables on Zeta Potential and Encapsulation
Efficiency

For a rational design of the systems, a preliminary investigation was conducted
to select the independent variables, the factors to be kept constant and the output
responses. From the know-how of the research group, it was decided to maintain certain
factors constant: the polymer concentration (3 mg/mL), the surfactant concentration (0.1
% w/v) and the ratio between the aqueous and organic phases (1:1). Once the constant
parameters were established, the independent variables and their levels were introduced
to construct the experimental design (Table 1). The choice of lipids and the
concentrations to be investigated within the design space were made based on data
available in the literature (on Science Direct database from 2014 to August 2021
accessed). The consulted papers reported that the use of the cationic lipids CTAB and
DDAB could improve retention time, drug penetration through the cornea, and thus
ocular bioavailability (Sanchez-Lépez et al.,, 2017, Hassan et al., 2018). Particular
attention was focused on Fangueiro et al. investigations who demonstrated that an
ocular formulation could be safe and biocompatible when the lipid concentration did
not exceed 0.5 % w/v (Fangueiro et al., 2014, Fangueiro et al., 2016). This concentration
was set as a high coded level in the experimental design. Particle size, PDI and ZP were
measured for the 18 runs before and after the purification step. The mean size of purified
mel-LPHNs ranged from 160.3 to 250.4 nm, while the PDI varied from 0.222 to 0.442. The
influence of the investigated factors on particle size and PDI was not noticeable by
varying mel-LPHNs composition, so these parameters were measured for our
knowledge, but data were not included in the experimental design. From the collected
data, we found that purification systematically contributed to a decrease in size and a
shift in ZP from neutral to positive values (Supplementary Figure 1).

Pre-centrifugation neutral values could be attributed partly to the excess non-
ionic surfactant, which was removed by purification, and partly to the PEG chains that
provide a negative charge, neutralized by the cationic lipids (Conte et al., 2019, Cortés et
al., 2021). The reason of occurred modifications could be attributed to the conformation
of the flexible PEG chains. A previous study showed that before purification PEG chains
extended into the brush-like conformation, and the applied centrifugation force would
induce a conformational change resulting in mushroom-like chains (Craparo et al., 2021).
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Supplementary Figure 1. Mean size (nm) (bars) and Zeta potential (mV) (lines) of 18-runs of MEL-
loaded LPHNs (mel-LPHNS ) before and after the purification step.

A diagram of the assumed hypothesis is shown in Figure 1. Switching from the
brush to the mushroom conformation, a strong reduction of the hydrodynamic diameter
(> 100 nm) and a change of the ZP towards positive values were observed. It has been
hypothesized that the mushroom conformation may allow the heads of lipid-shell to

emerge on the surface, providing a positive charge to the hybrid nanocarriers (Zhang et
al., 2008).

B
4) R i T PEG chains in ) PEG chains in

brush conformation RS _ mushroom conformation

Lipid-shell

Encapsulated
Melatonin

Polymer core

Fiqure 1. Conformations of MEL-loaded-LPHNs (mel-LPHNS) before (a) and after (b) centrifugation
purification processes.

NP optimization was performed by applying I-optimal design to minimize
experimental runs. As proposed by the software the response variables were observed
experimentally for 18 runs; the obtained data referred to purified samples and were
expressed as mean £ SD in Table 2.
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Table 2. Composition and observed responses in I-optimal design for MEL-loaded LPHNs (mel-LPHNs).

Independent Dependent
Variables® Variables®
Run X1 Xz X3 Y, Y
1 1 0.50 0 43.08 £ 0.643 79.19 £ 9.560
2 3 0 0.25 55.10 £ 0.404 29.52 £2.015
3 3 0.25 0.50 51.50 £ 0.971 30.75 £1.336
4 1 0.50 0.25 39.50 £ 0.458 86.15 £ 5.346
5 1 0 0.50 64.30 £ 0.781 83.81 £ 1.591
6 3 0.50 0 36.10 £ 1.070 33.12 £ 2.786
7 5 0 0.50 46.80 £ 3.670 18.18 £4.773
8 3 0.25 0.50 41.60 £1.610 31.24 £7.509
9 1 0.50 0.25 45.30 £ 0.586 68.04 + 5.827
10 3 0 0.25 46.60 = 0.839 15.44 £ 0.799
11 5 0.25 0 22.30 £1.520 14.18 £1.209
12 1 0.25 0 35.00 £ 0.265 74.36 £ 0.014
13 5 0.25 0.25 35.90 £ 0.100 18.83 £ 0.566
14 5 0.25 0.25 40.30 £ 0.153 18.11 £1.344
15 3 0 0 -9.81+£2.210 16.31 £ 0.467
16 3 0.25 0 28.60 £ 0.100 27.05 £ 0.269
17 5 0 0 -33.20 £ 0.924 16.91 £ 0.926
18 5 0.50 0.50 36.00 £ 0.700 24.31 £ 0.021

aIndependent variables: X1 = [MEL]; X, = [CTAB]; X3 = [DDAB].

bDependent variables: Y1 = Zeta Potential (mV) £ SD; Y, = Encapsulation Efficiency (%) = SD.

The input data were processed for different mathematical models. Reducing the
model by removing non-significant terms helped to increase its accuracy. The adequacy
of the models was assessed by means of ANOVA (Table 3). The lower the SD value, the
better the model describes the response. As shown in Table 3, the lowest SD values were
obtained for the quadratic model (8.26 and 6.44, for Y1 and Y responses, respectively).
The highest R2, which describes how well the model fits the data, was achieved for the
quadratic model (0.9389 and 0.9723 for Y; and Y, respectively). The fit of the models was
assessed by applying the lack-of-fit test. The proposed ideal model should have an
insignificant lack-of-fit. Therefore, the significant lack-of-fit results for the linear and two
factor interaction (2FI) models showed that they were not adequate. The test was not
significant for the quadratic model. The statistical results revealed that the quadratic
model would be the recommended model as it can describe the effect of the variables on
the responses well compared to the other models. The coefficients of the reduced
polynomial models were assessed by ANOVA to measure significance (Table 4).
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Table 3. Models summary statistics of response and lack of fit test to select the satisfactory model to fit data.

Y1 (ZP) Y2 (%EE)
Source Lack of fit Lack of fit
2 2
b R Fvalue P value b R Fvalue P value
Linear 17.18 0.5380 14.41 0.0102 12.39 0.8207 2.86 0.1612
2F1 12.46 0.8093 8.16 0.0302 13.49 0.8330 3.77 0.1086

Quadratic 8.26 0.9389 3.90 0.1081 6.44 0.9723 0.26 0.8894
2FI= Two factor interaction model.

Table 4. Analysis of variance results.

Zeta Potential Encapsulation Efficiency

Polinomyal  Coeff. P Coeff.

. . P value
term estimate value estimate
Model Quadratic 4 5001 Quadratic? < 0.0001
X1 -5.27 0.0939 -29.95 <0.0001
Xz 2.68 0.3681
X3 10.21 0.0042
X1Xz 12.87 0.0060
X1X3 6.50 0.0967
X2X3 -20.61 0.0002
X2 22.16 <0.0001
Xz2
X3? -16.65 0.0039
R2 0.9202 0.9509
Adjusted 0.8644 0.9444
R2
Predicted 0.6652 0.9293
RZ
AP 17.3859 23.4276
F value 16.48 145.35

aReduced quadratic model.
AP = Adequate Precision

The Fisher's variation (F-value) and the probability value (p-value) suggested the
significance of the model. A p-value < 0.05 indicates that the significance of the model is
high. As shown in Table 4 the F-value, p-value and R2-value revealed that the quadratic
model was adequate and satisfactorily explained the data for both ZP (Y1) and %EE (Y2).
Another useful parameter for assessing the significance of the model is the adequate
precision (AP). AP is a measure of the signal-to-noise ratio, so a value greater than 4 is
desirable (Mandlik and Ranpise, 2017). AP > 4 was obtained for responses Y1 (17.4) and
Y> (23.4), confirming that the model was adequate to navigate the selected design space
and the signal of all responses was satisfactory (Niizawa et al., 2019).

For the ZP (Y1), the predicted R? (0.6652) and adjusted R2 (0.8644) are in
reasonable agreement, as the difference is less than 0.2. The F-value (16.48) and p-value
(0.0001) implied the significance of the model. The equation of the reduced quadratic
model generated for the NPs ZP (Y1) is shown in equation 1. The estimated coefficients
represented the influence that each individual variable exerted on the response,
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indicating a synergistic (with positive signs) or adverse (with negative signs)
relationship between the variables.

ZP =48.07 —527 xX; + 2.68X X, +10.21 X X3 +12.87 X X; X, + 6.50 X X; X5 —
20.61 X X,X5 —16.65 x X3° (1)

The significant model terms regarding ZP were X3, X1Xa, XoX3 and X32. The term
X3 affected the response both individually as a linear term, as a quadratic term and in
combination. This indicates that the effect of DDAB concentration on the ZP of NPs was
more pronounced than that of CTAB (Sinha et al., 2015). The term that mainly influenced
the ZP response (Y1) was X2X, referring to the interaction between the two cationic lipids
CTAB and DDAB. This interaction term shows how ZP varied when the variables were
changed simultaneously. ZP increased proportionally as the concentration of the two
lipids increased. A study by Carbone et al showed that the magnitude of the ZP is
directly proportional to the concentration of lipids used in the preparation (Carbone et
al., 2012). The interaction effects of the terms on the ZP are shown in the 3D response
surface plots and the 2D contour plots (Figure 2). From the response surface plots of the
XoXs interaction (Figure 2E and 2F), it was observed that negative ZP values were
obtained when the systems were formulated in the absence of the lipids (run 15, Table
2). The 3D response surface plots and contour plots of the X;X; (Figure 2A and 2B) and
AC (Figure 2C and 2D) interactions showed that low ZP values were obtained at high
drug concentrations and low concentrations of the respective lipids.

E)

P (mV)

2 04 0s
Melatonin Melatonin CTAB -332 I 643

Figure 2. 3D surface (A) and contour plot (B) of the effect of X1: MEL concentration (% w/v) versus X:
CTAB concentration (% w/v); 3D surface (C) and contour plot (D) of the effect of X1: MEL concentration
(% wyv) versus X3: DDAB concentration (% w/v); 3D surface (E) and contour plot (F) of the effect of X»:
CTAB concentration (% w/v) versus X3: DDAB concentration (% w/v) on the mel-LPHNs zeta potential.

Regarding the %EE of mel-LPHNSs, the reduced quadratic model fit with respect
to its p-value (<0.0001) as shown in Table 4. The F-value of 145.35 implied that the model
was significant. The predicted R? of 0.9293 is in reasonable agreement with the adjusted
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R? of 0.9444. The mathematical relationship between the independent variable and the
%EE for mel-LPHNSs is given by the following equation.

%EE = 2620 —29.95 X X; + 22.16 X X;> )

Among all formulations, the highest %EE equal to 86.15 + 5.346 % was found for
run 4 and the lowest %EE of 14.18 + 1.209 % was obtained for run 11 (Table 2). Data
obtained from ANOVA analysis revealed that X; and X2 were the most significant model
terms; the other non-significant terms were removed following the stepwise regression
procedure, indicating that cationic lipids concentration did not affect %EE. From the
equation it is clearly shown that the MEL concentration plays a highly significant role
for the %EE. The estimated coefficient for X; was negative, showing that a decrease in
MEL concentration corresponded to a proportional increase in %EE. The low yield of
%EE when the drug concentration was increased could be due to poor availability of
polymer to encapsulate MEL (Surwase et al., 2017). The 3D response surface plots and
2D contour plots are shown in Figure 3.
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Figure 3. 3D surface (A) and contour plot (B) of the effect of X1: MEL concentration (% wt/wt) versus Xa:
CTAB concentration (% w/v) on the mel-LPHNs encapsulation efficiency.

The reliability of the reduced mathematical models obtained through the
response surface methodology was validated through the formulation optimization. The
goals of the candidate formulation were applied for each significant response and were
reported in Table 5. The parameters assigned for the desired formulation were a
maximized ZP to obtain NPs with a strong positive surface charge and a %EE with a
target value of 86.15, the highest achieved during the 18-run experimental phase. The
formulation with the highest desirability index (0.838) was selected and validated
experimentally. The optimized formulation was composed by MEL =1 %wt/wt, CTAB
= 0427% w/v and DDAB = 0.341% w/v. The observed experimental data were
compared with the values predicted by the software revealing a good correlation, as
demonstrated by the error percentage <4 (Table 6).
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Table 5.NPs optimization.

Independent Lower Upper
Varifblesa Goals limit liPnI;it
X1 (%o wt/wt) Minimize 1 5
Xz (% w/v) Maximize 0 0.5
X3 (% w/v) Maximize 0 0.5
Dependent

Variables?

Y: (mV) Maximize -33.2 64.3
Y2 (%) Target (86.15) 14.18 86.15

Independent variables: X1 = [MEL]; X, = [CTAB]; X3 = [DDAB].
bDependent Variables: Y1 = Zeta potential (mV); Y2 = Encapsulation efficiency (%).

These findings confirmed the robustness of the DoE, and the reliability of the
model used. The optimized formulation with size of (189.40 + 1.96 nm), particle size
distribution of (0.260 + 0.009), ZP (39.8 £ 1.7 mV) and %EE (79.85 £ 13.039 %) was
subjected to further physico-chemical and biological investigation.

Table 6. Results of dependent variables obtained from the optimized formulation: Predicted, Observed
values and error percentage.

Predicted

Observed valuea Error %pb
value
Y1 (mV) 41.305 39.800 £ 1.700 4
Y2 (%) 78.480 79.850 + 13.039 2

@ MEL-loaded LPHNs (mel-LPHNSs) Y1 = Zeta potential (mV) + SD; Y, = Encapsulation efficiency £ SD
(%); n=3;
b Absolute Predicted Error = | (Obs.value-Pred.value) / Pred.value | *100

3.2Physico-chemical properties of optimized mel-LPHNs

As reported above, the optimized mel-LPHNs were 323.40 + 10.81 nm in the pre-
purification phase, which after centrifugation was reduced to ~190 nm. The PDI
remained rather unchanged, varying from 0.276 £ 0.023 to 0.260 + 0.009 corresponding
to monodispersed systems. NPs with a size of less than 250 nm and a PDI close to 0.25
have been shown to be good candidates for ophthalmic delivery (Gupta et al., 2010). The
surface charge (ZP) moved from neutral (0.087 = 0.107 mV) to positive values (39.800 +
1.700 mV). Nanocarriers with positive ZP values (+36.86 mV) were able to enhance
electrostatic interactions with the anionic corneal surface layers, showing excellent
mucoadhesive properties, an effective requirement for increasing ocular drug
bioavailability (Manchanda et al., 2017). The pH and osmolarity measurements of the
unpurified systems were carried out in deionized water, with values equal to 5.040 +
0.105 and 0.034 + 0.003 mOsm/ kg, respectively. To make the eye drops suitable for
ophthalmic administration, the purified mel-LPHN pellet was resuspended in a medium
consisting of water for injectable preparations with the addition of a non-ionic excipient,
glycerol (2.6 % w/v). NaCl, the tonicity agent of first choice, was excluded from this
study because its ionic nature destabilized the nanosuspension by reducing the ZP value
close to neutral (data not reported). According to international standards, multidose
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ophthalmic formulations should mandatorily contain a preservative to prevent
microbial contamination (Datta et al., 2017). Benzalkonium chloride was added as a
preservative to obtain a final product with the desirable microbiological properties (0.01
% w/ V). The preservative concentration used was approved by the EMA for the absence
of irritation and ocular damage and was also reported that its addition to the formulation
improved corneal permeation (Ahuja et al,, 2008, EMA, 2017). In addition, in vivo
cytotoxicity studies on monkeys and rabbits showed that following repeated topical
applications (for up to 52 weeks, up to 8 times/ day) eye drops containing benzalkonium
chloride (0.01% w/v) showed no signs of irritation (Okahara et al. - 2013). The purified
nanosuspension showed pH values close to neutral (6.330 + 0.020) and an isotonic
osmolarity similar to tear fluid (0.296 + 0.001 mOsm/Kg). The designed systems
consisted of three structural components (figure 1): a hydrophobic polymeric core of
PLGA with a hydrophilic PEG corona (PLGA-PEG) and a cationic lipid monolayer at the
interface between the hydrophobic core and the hydrophilic corona as suggested by
other authors (Zhang et al., 2008). The self-assembly of the coating layer is induced by
hydrophobic interactions, where the hydrophobic lipid tails are attached to the polymer
core and the hydrophilic heads are directed to the external side (Mukherjee et al., 2019).
TEM analysis of the nanosuspension confirmed a core-shell type spherical NPs with
moderately polydispersed particle size distribution (Figure 4A). The core-shell structure
is highlighted in the peripheral region of mel-LPHNs by a ring with higher electronic
density than the polymer core, which showed a more marked gray coloration (Figure
4B) (Li et al., 2017).
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Fiqure 48. (A) TEM image of MEL-loaded LPHNs (mel-LPHNS) at low magnification, and (B) TEM image
of MEL-loaded LPHNs (mel-LPHNs) at high magnification showing core-shell structure. Image B was
obtained from cryoprotected (10 % w/V sucrose) and freeze-dried MEL-loaded LPHNs (mel-LPHNS),
ongoing cryoprotection studies.

3.3Release profile of hybrid nanoparticles

The in vitro drug release capacity of mel-LPHNs was investigated in PBS at
physiological conditions (pH 7.4, 37 °C) for 8 days. The free MEL suspension was
compared with the respective optimized nanomedicine. The in vitro release profiles of
MEL in solution and MEL-loaded LPHNs are shown in figure 5.
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Figure 5. In vitro release profiles of the neat drug and MEL-loaded LPHNs (mel-LPHNs) in phosphate
buffered solution (pH 7.4) at 37 °C. Each point represents the mean value of three different experiments +
S.D.

Almost 99% of the drug was recovered in the receiving phase from the MEL solution
within 1 h, indicating that drug could diffuse freely through the dialysis bag, while mel-
LPHNSs showed a controlled and sustained release of MEL. Lack of any initial burst
release indicated that there was no drug located at the surface of the NPs, rather it was
trapped into the polymer matrix (Afshari et al., 2014). Mel-LPHNSs released a small
percentage (approximately 2%) of their load over 8 days, resulting in a slow and
continuous release typical of this type of nanomedicine, i.e., hybrid nanosystems. In this
regard, it is well known that polymers play a key role, but on the other hand it has been
widely reported that the role of the lipid monolayer is equally important (Sivadasan et
al., 2021). Previous studies on LPHNs have shown that lipids have a dual barrier
function, acting both against the diffusion of the drug to the outside and against the
penetration of water to the inside (Zhao et al., 2015). Reducing water permeation should
also decrease the rate of degradation of the polymer matrix. As a result, the slow
degradation of the systems could provide a controlled release for longer time (Tahir et
al., 2017, Yalcin et al., 2018). A sustained and prolonged release profile is the main goal
for MEL nanocarriers, which for this purpose has been encapsulated in different
vehicles; according to a recent study by Liang et al., the neuroprotective effect of MEL
on RPE cells was found to be effective only after prolonged (more than 72 h) exposure
of MEL (0.1-200 pM) compared to short-term (less than 24 h) administration (Liang et
al., 2004). In this regard, examples of systems designed for the controlled release of MEL
were ethylcellulose NPs and hybrid nanocapsules, which showed a release profile trend
overlapping with that obtained in our study, linear and constant over time (Carbone et
al., 2016, Bessone et al., 2020). In addition, the percentage of MEL released by the mel-
LPHNSs, equal to a concentration of 1 uM, was the same that (as presented in sections
3.8.1 and 3.8.2 below) was effective in the in vitro studies.

3.4Thermal and infrared analysis

A DSC study was conducted to investigate the status of raw materials and
optimized mel-LPHNSs, the results are shown in figure 6A. The thermogram of pure MEL
(curve a) showed the endothermic transition at 118 °C, which corresponded to the
characteristic melting peak of the drug (Topal et al., 2015). No noticeable endothermic
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event was detected in the polymer DSC profile (curve b). In the thermograms of the two
lipids the thermotropic liquid crystalline character, typical of quaternary ammonium
salts, was highlighted. The two endothermic events observed in curves (c) and (d)
showed the sequence of lipid mesophases in response to increasing temperature. The
first endothermic event indicated the phase transition of the lipid from a highly ordered
crystalline solid state to a crystalline liquid state, where conformational melting of the
long aliphatic chains occurred. The first transition was detected at 75 and 62 °C for CTAB
and DDAB respectively. The second endothermic event indicated the phase transition
from crystalline to isotropic liquid, where all spatial order was completely lost. This
second transition represented the melting of the head-groups and corresponds to the
melting temperature of the lipids, which was detected at 105 and 70 °C for CTAB and
DDAB, respectively (Margomenou Leonidopoulou, 1988, Doktorovova et al., 2011). No
peak attributable to MEL was observed in the thermogram of the optimized mel-LPHNs
(curve e), confirming that the drug was totally encapsulated in the formulated systems.
Endothermic events in the curve of the mel-LPHNs occurred at 45 and 97 °C, showing
peaks shifted to new positions. The detected flexures could suggest a possible interaction
between the polymeric and lipidic entities (Das et al., 2019).
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Fiqure 6. DSC (A) and FT-IR (B) curves of MEL (a), PLGA-PEG polymer (b), CTAB (c) DDAB (d) and
MEL-loaded LPHNs (mel-LPHNS) (e).
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FT-IR spectroscopy was used to understand the nature of the molecular interactions
that may took place in the structuring of the mel-LPHNSs and to determine the chemical
variations of the functional groups. Pure materials and mel-LPHNs were scanned. The
results are shown in figure 6B. MEL showed a typical stretching vibration peak for N-H
group at 3303 cm, an identifying vibration peak for C=O amidic carbonyl group at 1628
cm?, an N-H bending signal at 1559 cm and characteristic stretching vibration signals
for C-N group at 1212 and 1041 cm-! (Topal et al., 2015). The polymer spectra also showed
characteristic absorption bands. The absorption band at 3645 cm was attributed to the
terminal hydroxyl groups, the bands at 3000 cm* were due to the vibration of the C-H
alkane fractions, the stretching peak assigned for C=0 stretch of the lactide and glycolide
structures was identified at 1759 cm? and the bands in the region between 1000 and 1400
cm? were identifying the vibration for C-OR, C-C and C-O groups (Mirakabad et al.,
2016). The lipid spectra showed a similar trend. A strong and broad band that can be
attributed to the stretching vibrations of the ammonium group was detected at 3645 and
3414 cm for CTAB and DDAB, respectively. The peaks displayed at 2916 - 2848 cm for
CTAB and 2922 - 2852 cm! for DDAB represented two different C-H band vibrations of
the CH group. The signals at 1634 and 1635 cm? were indicative of the asymmetric
stretching vibration of N*-CHjs, for CTAB and DDAB, respectively; while the symmetric
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vibration signals for methylene group were detected at 1461 and 1466 cm-, for CTAB
and DDAB (Quan et al.,, 2015, Ain et al.,, 2020). In the spectrum of the optimized
formulation of mel-LPHNS, the absorption peaks of lipids and polymers were found to
be shifted to slightly lower frequencies than those of pure substances. Typical lipid
signals were detected in the high-frequency region of the spectrum. A broad absorption
band typical of the stretching vibration for lipid ammonium group was detected at 3430
cm, a signal at 2903 cm ! was attributed to the CH» group vibration and a peak at 1455
cm! was assigned to the symmetrical stretching vibration of the N*-CHs group. The
detection of the ammonium group could confirm the arrangement of the lipid monolayer
with the hydrophilic heads directed towards the external environment (Hadinoto et al.,
2013). Signals that belonged to the polymer were identified in the low-frequency region
of the spectrum. A 1757 cm peak was associated with the carbonyl group, and the
identification regions for C-O groups were observed in the region between 1172-1093
cm. The FT-IR spectra of the mel-LPHNs appeared to be the overlap of the spectra of
PLGA-PEG and the two lipids, CTAB and DDAB. The characteristic peaks of the lipids
were observed in the spectra of the mel-LPHNS, indicating that CTAB and DDAB
successfully modified surface of polymeric NPs (Mishra et al., 2017, Lu et al., 2019). The
characteristic signals of MEL had completely disappeared in the spectrum of mel-
LPHNSs demonstrating an effective incorporation of the drug into the polymer matrix.

3.55tability under storage conditions

Physical and chemical stability is an essential parameter for ensuring the
appropriate storage of NPs. Stability studies were performed on optimized mel-LPHNs
under two different storage conditions. The sample was divided into two batches and
stored at a refrigerated temperature (5 °C + 3 °C) or in a climatic chamber (40 °C £ 2 °C
/75 = 5% RH). The results of the physical and chemical stability of the optimized
formulation in various time intervals are shown in Table 7. Storage of the mel-LPHNSs at
40 °C/75% RH resulted in a significant change in particle size, from 101.6 + 2.4 nm when
freshly prepared to 129.6 + 86.940 nm after 3 months, to 81.2 + 10.310 nm at the end of
the sixth month of storage. This change was associated with a significant increase in PDI
from 0.117 + 0.021 to 0.526 + 0.085. Storage under accelerated conditions led to an
extremely significant (p<0.001) increase in zeta potential from 22 mV to 45 mV and a
decrease in MEL content (>5%), above the threshold of the acceptance criteria of the ICH
QA(R2) guidelines.

Table 7. Effect of refrigerated (5 £ 3 °C) and accelerated (40 = 2°C /75 £+ 5 % RH) storage conditions on
mean particle size, PD1, ZP, osmolarity and encapsulation efficiency of MEL-loaded LPHNs (mel-LPHNs).
Each value is the mean + SD of three estimations.

. . Osmolari
Condition (nfg;‘fh) Slzes(gm) *  pprzsp 4P (S%V) * (osnslékg)z %EE +SD
Starting 0 1016£2442 011720021 222%314  0296£0001 __ 783%0012
Refrigerated 3 103352606 0.126£0009 241+1.00 030220006  77.34£0.009
6 1053+4143  0116+0020 229+023  0312+0011 7659 +0.008
ecotorated 3 12968694 0526+0085 444%461  0316£0003 72540010
6 81210310 040740122 459+265 032940009 68590012
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The observed variations in the samples stored at the higher temperature could be
attributed to changes in the polymorphic state of the lipid layer. An endothermic event
close to the storage temperature was recorded in the thermogram of mel-LPHNs (Figure
6A, curve e). Lipids are highly polymorphic, and the predominant form depends on
intrinsic factors (structure and hydration rate of the molecule) and extrinsic factors
(temperature, pressure, ionic strength and pH of the medium) (Lewis and McElhaney,
2013). The energetic input of heat, provided during the storage time, could induce
crystalline reorientation of the lipid shell (Makoni et al., 2019). The conversion of lipids
into different polymorphic forms could be responsible, in addition to the increased
expulsion of MEL from the systems, for changes in the surface charges (Vivek et al.,
2007). It has been shown that temperature causes disturbances in the electric double
layer (EDL) around the NPs, reflected in changes in the ZP value (Salunkhe et al., 2016).
The EDL of a NP can be considered as a layer of liquid molecules at the interface with
the particle surface, consequently the hydrodynamic dimensions of the suspended NPs
could also be related to the electrical elements of the double layer (i.e., resistance,
capacitance, and relaxation frequency) (Tillman and Hill, 2007, Yao et al., 2016). D10, D50
and D90 values of samples stored at 40 °C indicate that on average 10%, 50% and 90% of
particles in each population are smaller than 25, 35 and 55 nm respectively
(Supplementary Figure 2). These sizes are smaller compared to mel-LPHNs analyzed
after fresh preparation (50, 80 and 140 nm, respectively), which remain unchanged in
samples stored at refrigerated temperatures.
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Supplementary Figure 2. Particle size distribution (D10, D50, and D90) of MEL-loaded LPHNs (mel-
LPHN ) stored at different conditions for 6 months. Error bars represent SD (n = 3).

Low temperature storage has prevented the polymorphic transition (Bertoni et al.,
2021). In comparison, the groups at 5 °C were stable, with unchanged physico-chemical
properties after six months of storage. The MEL content decreased around 2%,
remaining within the threshold accepted by the guidelines. The optimized formulation
was stable under refrigerated storage conditions.

3.6Mucoadhesive evaluation: influence combining cationic lipid and PEG portion on mucin
binding

In these experiments an evaluation of the mucoadhesive properties of mel-
LPHNSs was performed in comparison with two other NPs, the three investigated NPs
differed for external shells: hydrophobic (P-NPs), hydrophilic (P-PEG-NPs) and
cationic/ PEG (mel-LPHNSs). The experiment was performed by varying the mucin

106



concentration (0.25 and 0.5 %w/v) and incubation time (1 and 24 h). Interactions
between mucin and other entities can be due to various forces such as the occurrence of
hydrogen, electrostatic, hydrophobic, and/or covalent bonds (Eliyahu et al., 2018).
Electrostatic interactions play a key role in mucoadhesive mechanisms (Li et al., 2016).
At a physiological pH, glutamate and aspartate residues in mucin undergo ionization,
which provides the structure a negative charge (Pai et al., 2019).

Mucoadhesiveness was assessed by monitoring variations in the mean diameter
and ZP of NPs incubated with mucin (de Campos et al., 2004, Shen et al., 2009, Ammar
et al., 2012). Mucin showed a bimodal size distribution with particle populations in the
order of 200 and 2000 nm. The average size of the native P-NPs, P-PEG-NPs and mel-
LPHNSs were approximately 418, 135 and 200 nm. Their size increased to 494, 397 and
343 nm, respectively, after 24 h of incubation with mucin (Figure 7A-7B). Statistical
analysis of the collected data showed that the mean size of NPs incubated with mucin
suffered a significant increase in size with p < 0.001 in the case of mel-LPHNSs and p <
0.01 for P-PEG-NPs respectively. Incubation of P-NPs with mucin did not significantly
influence their size (p > 0.05). Furthermore, it was observed that the increase in size was
proportional to the increase in mixed mucin concentration. While the incubation time
was not an influential parameter on the final mean size of the NPs. The significant
increase of mean size occurred when pegylated and hybrid systems were incubated with
mucin, indicating that interaction between the components had taken place. It was
noticed that the average size after incubation was in the ideal size range (200-500 nm)
for interaction with the mucosa (Hejjaji et al., 2018).
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Figure 7. Mean size (nm) of P-NPs, P-PEG-NPs and MEL-loaded LPHNs (mel-LPHNs) in phosphate
buffer at pH 6.8 (Ctrl) and in mucin mixture at different concentration (0.25 and 0.5 w/v) after 1 (A) and
24 (B) hours of incubation at 37 °C. Each value was the mean of three experiment £ SD; T-test was used
to calculate statistical significance of the percentages obtained versus control group [ns=not significant (P
>0.05); * = significant (P < 0.05); ** = very significant (P < 0.01); *** = extremely significant (P < 0.001)].
Size distribution by intensity of P-NPs (C), P-PEG-NPs (D) and MEL-loaded LPHNs (mel-LPHNs) (E)
suspensions after incubation in mucin mixture.
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The increase in size was not only attributed to the mucin bound on the NPs, but
also to the aggregates formed by the extended interaction of mucin protein between the
particles (Boya et al., 2017). Therefore, it was useful to analyze the size distribution of
the mixtures. From size distribution graphs, it was possible to observe that both the mel-
LPHNs and P-PEG-NPs (Figure 7E - 7D) showed a very heterogeneous distribution,
with the presence of two peaks in size distribution, one attributed to the average size of
the mucin-coated NPs and the other due to the aggregates of mucin and NPs. The second
peak was not detected in the case of the mixture composed of mucin and P-NPs (Figure
7C).

Morris et al. demonstrated that variation in the size of NPs was correlated with
variation in ZP (Morris et al., 2013). Accordingly, NP-mucin interactions were further
confirmed by ZP measurements. Figure 8 shows the changes in ZP after incubation of
the NPs with mucin. The ZP of the mucin particles was negative, around -5 mV. Before
incubation with mucin, the ZP values of the native P-NPs, P-PEG-NPs and mel-LPHNs
were -4.7 -1.1 and +1.8 mV. The surface charges were -4.8, -6.1 and -5.3 mV, respectively,
after incubation with mucin. The ZP values of the observed mixtures were close to the
ZP of plain mucin, confirming that the interaction took place (Klemetsrud et al., 2013).
The magnitude of ZP reduction was significant for mel-LPHNSs (p < 0.001) and for P-
PEG-NPs (p < 0.05). The increased interaction shown by mel-LPHNs compared with P-
PEG-NPs could suggest greater mucoadhesion (Hejjaji et al., 2018).
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phosphate buffer at pH 6.8 (Ctrl) and in mucin mixture at different concentration (0.25 and 0.5 w/v) after
1 (A) and 24 (B) hours of incubation at 37 °C. Three independent experiments were performed and error
bars depict SD of the mean; T-test was used to calculate statistical significance of the percentages obtained
versus control group [ns=not significant (P > 0.05); * = significant (P < 0.05); ** = very significant (P <
0.01); *** = extremely significant (P < 0.001)]
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The adhesive forces produced during incubation of P-PEG-NPs with mucin could be
attributed to the hydrogen bonds. The enhanced interaction of mel-LPHNs with mucin
could be promoted by electrostatic interactions in addition to hydrogen bonds
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(Mainardes et al., 2010, Mazzarino et al., 2012). Electrostatic interactions could occur
between the protonated amino groups (N*-CHs) of lipids and the carboxylate (COO-) or
sulfonate (SOs") groups of mucin (Hejjaji et al., 2018).

From the results, it is evident that mucin significantly modified the surface charge of
hybrid systems from positive to negative values, which was required for interaction with
the corneal surface of the eye (D" Angelo et al., 2015). This could be great evidence of the
good mucoadhesive properties of mel-LPHNs. Mucoadhesiveness between mucin and
the designed hybrid systems is desirable to prolong the contact time with the mucous
layer surface, and thus could improve absorption as proved by other authors (Silva et
al., 2013, Dudhani and Kosaraju, 2010).

3.7Microbiological analyses

Mel-LPHNSs were sterilized by UV exposure for 30 min prior to in vitro/in vivo studies.
To evaluate the efficacy of the sterilizing treatment and the added preservative, the
formulation was subjected to a microbiological assay. The sterility of mel-LPHNs
samples, differently treated, was evaluated. According to the European Pharmacopoeia,
based on performed validation test, results highlighted that both UV treated and
untreated samples; showed a clearly visible growth of the selected target
microorganisms (data not shown). The only exception was observed for mel-LPHN
samples analyzed 28 days after opening, where no growth of B. subtilis, C. albicans or A.
flavus (data not shown) was observed. This finding could be related to the presence of
the antimicrobial benzalkonium chloride in the mel-LPHNs samples which was
activated after opening. Lastly, the sterility test carried out by direct inoculation of the
standardized microbial culture together with the mel-LPHNSs samples. After 15 days of
incubation, showed no evidence of microbial growth.

3.8Biological evaluation of empty/melatonin-loaded LPHNs in an “in vitro” model of diabetic
retinopathy and in vivo tolerability test on rabbits

3.8.1Protective effects on HG-treated HREC

As previously shown, LPHN-based carriers could provide beneficial effects to
the therapeutic potential of MEL for the treatment of ocular diseases. In facts, these
systems ensure an effective drug delivery due to a prolonged interaction between the
cationic lipid shell and the anionic ocular mucosa. Moreover, the low percentage of drug
(2% corresponding to a concentration of 1 pM) released in a controlled and prolonged
profile from mel-LPHNSs reduced MEL-induced cytotoxicity, highlighting its therapeutic
benefits (Elsaid et al., 2016). The capability of the nanoparticles to improve the efficacy
of the melatonin in prevent the glycemic insult on HRECs has been evaluated by treating
the cells with high concentrations of glucose and mel-LPHNS, at the same time (Xie et
al., 2014, Jiang et al., 2012).

As reported in Fig 9, 48h of treatment with HG reduced HREC cell viability by
about 40% (p <0.01) as a consequence of glucose toxicity (Giurdanella et al., 2020). The
treatment with 0.1 and 1 pM of control LPHNs did not change HREC viability
highlighting their delivery potential with no detrimental effects both in normal and in
HG conditions. Incubation with HG in the presence of 0.1 and 1 pM of mel-LPHNs
counteracted HG-mediated cell viability reduction in a dose dependent manner. In fact,
the presence of 0.1 and 1 pM Mel-LPHN s restored cell viability by about 30% (p<0.01)
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and 80% (p<0.001) in comparison to HG-treated HREC, respectively. Mel-LPHNs were
(significantly, p<0.05) more effective in the protection of HREC against HG damage than
neat MEL. In fact, the free drug was only able to partially prevent cell viability reduction
(in a very statistically significant manner, p<0.01) at a dose of 1 pM in HG-treated HREC.
No changes were observed in cell viability of co-treated HREC with NG and tested
systems compared to the NG-treated cells.
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Figure 910. Determination of cell viability (MTT assays) in HREC stimulated with normal glucose (5 mM,
Ctrl) or with high glucose (25 mM) with or without 0.1 and 1 uM of LPHNs, 0.1 and 1 uM of MEL-loaded
LPHNs (mel-LPHNs) or 0.1 and 1 uM of MEL for 48h. Values are expressed as mean = SD of three
independent experiments. Two-way ANOVA, followed by Tukey’s test was used to calculate statistical
significance of the obtained values. [* = significant (P < 0.05); ** = very significant (P < 0.01); *** =
extremely significant (P < 0.001)].).

3.8.2Antoxidant effects on HG-treated HREC

MEL was described to protect endothelial cells against hyperglycemic insult by
preventing glucose-induced reactive oxygen species (ROS) production at concentrations
ranging from 0.1 to 5 pM (Tiong et al., 2020, Wang et al., 2021). To support cell viability
data, we further investigate the antioxidant action of neat MEL or loaded LPHNSs.
Results from these experiments are reported in Fig 10. Compared to NG-treated cells,
HREC stimulated with HG showed a very significant increase in ROS levels of about 2-
fold, however, the presence of 0.1 and 1 pM mel-LPHNSs reverted the HG-mediated ROS
production to about 30% (p<0.01) and 65% (p<0.001), respectively, in comparison to HG-
treated HREC. According to cell viability data, only the higher concentration of pure
MEL was able to partially prevent the enhanced ROS levels induced by HG, reducing
their amount by about 35% (p<0.01) in comparison to HG-stimulated HREC. These data
highlighted that mel-LPHNSs reversed ROS production in HG-induced HREC more
effectively (p<0.01) than pure MEL. No remarkable changes in ROS production were
observed in co-treated cells with HG and 0.1 and 1 pM of LPHNs compared to HG-
treated HREC; the presence of LPHNs, mel-LPHNs or pure MEL in NG conditions did
not modify the rate of ROS production in comparison to NG-stimulated cells.
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Figure 10. Evaluation of reactive oxygen species (ROS) using the DCFH-DA in HREC stimulated with
normal glucose (5 mM, Ctrl) or with high glucose (25 mM) with or without 0.1 and 1 uM of LPHNs, 0.1
and 1 uM of MEL-loaded LPHNs (mel-LPHNS) or 0.1 and 1 uM of MEL for 48h. Values are expressed as
mean x SD of three independent experiments. Two-way ANOVA, followed by Tukey’s test was used to

calculate statistical significance of the obtained values. [** = very significant (P < 0.01); *** = extremely
significant (P < 0.001)].

3.9Tolerability test on rabbits

Both unloaded and mel-LPHNSs formulations, were well-tolerated and the score
for each parameter was zero at all times of observations (not shown). No changes were
also observed for IOP values.

4.Conclusion

Non-invasive topical ocular delivery targeting the posterior segment of the eye
remains a challenge due to the numerous barriers protecting the eye. Here, with the need
to improve drug delivery to the retina, minimize frequency of administration and
provide controlled and sustained drug release, the design of hybrid cationic nanovectors
for topical administration has been proposed. The synthesis of hybrid nanoparticles
combining polymeric and lipid materials has proved successful in incorporating MEL
and resulted in high-performance vehicles. mel-LPHNs showed ideal requirements for
an eye drop formulation. The particles consisted of homogeneous populations, with
adequate size, optimal pH and osmolarity values and a positive zeta potential, which
provided good mucoadhesive properties. Thermal and infrared analysis suggested the
incorporation of MEL into the mel-LPHNs and the successful interaction of the lipids
with the polymer matrix. The optimized formulation was stable for 6 months under
refrigerated storage conditions. According to Ph. Eur., the mel-LPHNs samples met the
sterility test. No differences were found between the UV treated and untreated samples,
while the preservative addition confirmed the desired effect against some the above
listed microorganisms. In vitro and in vivo studies confirmed that the systems showed no
signs of cytotoxicity or ocular irritation. In vitro studies also showed that loading of MEL
into mel-LPHNs improve its effectiveness in preventing HG-evoked oxidative stress and
cell damage in HREC. Taken together, these findings suggested that our novel hybrid
NPs could represent a promising strategy for topical MEL delivery in the treatment of
ocular pathology.
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Abstract: Nowdays, neurodegenerative diseases represent a great challenge from both the therapeutic and
diagnostic points of view. Indeed, several physiological barriers of the body, including the blood brain barrier
(BBB), nasal, dermal, and intestinal barriers, interpose between the development of new drugs and their
effective administration to reach the target organ or target cells at therapeutic concentrations. Currently,
the nose-to-brain delivery with nanoformulations specifically designed for intranasal administration is a
strategy widely investigated with the goal to reach the brain while bypassing the BBB. To produce
nanosystems suitable to study both in vitro and/or in vivo cells trafficking for potential nose-to-brain
delivery route, we prepared and characterized two types of fluorescent poly(ethylene glycol)-methyl-ether-
block-poly(lactide-co-glycolide) (PLGA-PEG) nanoparticles (PNPs), i.e., Rhodamine B (RhB) dye loaded- and
grafted- PNPs, respectively. The latter were produced by blending into the PLGA-PEG matrix a RhB-labeled
polyaspartamide/polylactide graft copolymer to ensure a stable fluorescence during the time of analysis.
Photon correlation spectroscopy (PCS), UV-visible (UV-vis) spectroscopies, differential scanning
calorimetry (DSC), atomic force microscopy (AFM) were used to characterize the RhB-loaded and RhB-
grafted PNPs. To assess their potential use for brain targeting, cytotoxicity tests were carried out on
olfactory ensheathing cells (OECs) and neuron-like differentiated PC12 cells. Both PNP types showed
mean sizes suitable for nose-to-brain delivery (<200 nm, PDI < 0.3) and were not cytotoxic toward OECs in
the concentration range tested, while a reduction in the viability on PC12 cells was found when higher
concentrations of nanomedicines were used. Both the RhB-labelled NPs are suitable drug carrier models
for exploring cellular trafficking in nose-to-brain delivery for short-time or long-term studies.

Keywords: fluorescent dye; olfactory ensheathing cells; PC12 cell line; co-polymers
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1. Introduction

The intranasal (IN) drug administration route represents an intriguing strategy
for obtaining the rapid delivery of the drugs to the central nervous systems (CNS), by
allowing the drugs to reach the brain directly. Such a route of administration overcomes
the well- known limits presented by blood brain barrier (BBB) [1,2]. First pioneering
studies on the IN administration strategy for bypassing the BBB were carried out by
William Frey II in 1989. Since then, with the aim of achieving direct access into the brain,
innovative devices have been developed and marketed (Optinose®, Bi-Directional™
technology), to drive drugs to the olfactory region in the upper site of the nose. It is also
well-known that several pathways can be involved for drugs administrated through IN
route [3-5].

Despite there being several studies on the use of free drugs through nose-to-
brain delivery, it has been demonstrated that most molecules do not have suitable
properties to reach therapeutic doses in the brain. Such reduced bioavailability can be
due to the low instilled volumes that can be given intranasally, and/or to the local
physiological mechanisms that reduce the drug’s access to the target site, such as the
mucociliary clearance (which does not allow long residence time in the nose), or
enzymatic degradation, besides temporary local disfunction (allergies, influenzae)
altering the physiological function.

According to these premises, nanomedicine may offer new solutions to
overcome these drawbacks of traditional administration routes to the CNS. Indeed,
micro- and nano- emulsions, lipidic and polymeric NPs are widely investigated drug-
delivery systems to load drugs commonly used for neurological disorders [6].
Specifically, the most studied materials to obtain polymer-based NPs for nose-to-brain
delivery are chitosan and its derivatives, poly-lactide (PLA), poly-lactide-co-glycolide
(PLGA), and their PEGylated derivatives [7,8].

In vitro and in vivo investigations are fundamental to understanding the
potential of NPs for nanomedical application [9]. The difficulty in having an easy and
effective labeling method to track nanomedicine represents the bottleneck for the
developments of these formulations. Generally, fluorescent molecules were used to
define well the intracellular trafficking and biodistribution fates of nanocarriers after IN
administration. Encapsulation of dye into nanosystems is a widely used strategy to label
them, allowing the in vivo and in vitro fate of the systems. Several advantages are
associated loading the dye into the NPs: the dye signal is retained for more time due to
its protection into nanocarriers; the nanocarrier can be used to encapsulate other
substances or to functionalize the surface with target moiety. Referring to literature
different hypothesis were disseminated, and it is a challenge the selection of most
suitable dye (in term of physic-chemical properties) related to nanosystems that should
be correlated also to the specific technique. A fluorescent molecule is adopted to the
specific analysis, the related question is: is it possible to use it to detect NPs? And what

method is it appropriately? For example, the 1-1 '-dioctadecyl- 33,33 -tetra-
methylindotricarbocyanine iodide (DiR), a lipophilic dye, is suitable for in vivo
biodistribution using Fluorescence Molecular Tomography system; it was loaded into
PLGA NPs in a recent investigation [10,11]. Other dye extensively used is Rhodamine B
(RhB) as fluorescent for in vitro and/or in vivo studies in nanomedicine field [12-15].
After the identification of a suitable dye, the researcher defines the type of fluorescent
NPs that should be prepared: dye can be covalently attached to a polymer, which is
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then blended with other material to obtain nano-formulations, or it can be encapsulated
into NPs as a free moiety. Both approaches are widely used, with respective advantage
and disadvantages for tracking NPs.

In this work, we have developed nanomedicines suitable for nose-to-brain delivery,
increasing the efficiency of the system in terms of bioavailability and capability of
translocation in the brain, PLGA-PEG was chosen as raw material to prepare NPs.
PLGA- PEG is a promising raw material to prepare nanomedicine [8] and it is classified
as a mucus-penetrating polymer, owing to the presence of the PEG portion, in fact,
mucoadhesive properties could be increased with this type of material due to its
penetrating action [16]. RhB was chosen as fluorescent dye, and to produce fluorescent
NPs, RhB was entrapped by following two different methods, as free or after
conjugation to a polyaspartamide/polylactide graft copolymer [12]. We obtained,
respectively, RhB-loaded PLGA-PEG NPs (thereafter named loaded-PNP) or
amphiphilic copolymer bearing RhB moieties blended with PLGA-PEG (thereafter
named grafted-PNP), which were properly purified and characterized. Firstly, we
selected the suitable purification methods for loaded-PNPs through physicochemical
and technological characterizations. Release-profile studies were carried out to prove the
entrapment of RhB in PNPs for all experiments.

The two selected nanomedicine were compared in the respects of mean size,
polydispersity index (PDI) and zeta potential (ZP) through photon correlation
spectroscopy (PCS. Differential scanning calorimetry (DSC) for thermometric
evaluation and atomic force microscopy were performed to evaluate mean size of studied
NPs in terms of core structure. NMR was used to give information about the
conformation of PEG on PNPs surface.

Cytotoxicity evaluation through MTT assays of both systems was performed on
olfactory ensheathing cells (OECs) and neuronal PC12 cells to assess their potential use
for nose-to-brain delivery.

2. Materials and Methods
2.1 Materials

Poly(ethylene glycol) methyl ether-block-poly(lactide-co-glycolide) (mPEG-b-
PLGA, PEG average Mn 5000, PLGA Mn 55,000), polyoxyethylene sorbitan monooleate
(Tween® 80) and RhB were purchased from Sigma Aldrich (Milan, Italy). All other
chemical reagents used solvents and deionized water were of analytical grade.
Ultrapure water was used throughout this study.

2.2 Synthesis of PHEA-g-RhB-g-PLA (Fluo-P)

a,p-Poly(N-2-hydroxyethyl)-D,L-aspartamide (PHEA), PHEA-¢-RhB and
PHEA- ¢-RhB-¢g-PLA were properly synthesized by following procedures already
reported in literature [12,17,18].

1H-NMR spectra were registered by a Bruker Avance II-300 spectrometer, working
at 300 MHz (Bruker, Milan, Italy).

Both PHEA and PHEA-g¢-RhB 'H-NMR spectra in DO were superimposed
with those reported in previously published papers, and the derivatization degree with

RhB (DDgng), resulted about 0.55 +0.05 mol% [18].

PHEA—g—RhB—g—PLA 1H-NMR (300 MHz, [D7].DME, 25 °C, TMS): 0115 (m, 12Hgns
CH:CHy-); 013 and 6 1.7 (2d, 3Hpra —[OCOCH(CH3)]194—),‘ 0 28 (m, 2HpuHea -
COCHCHQCONH—); 6 33 (t, 2HpHEA —NHCHzCH20—),’ 6 3.59 (t, 2Hpuea -
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NHCHQCHQO—); 0 4.2-45 and 6 5.1-5.5 (m, 1HPLA—[OCOCH(CH3)]194—), and & 4.8
(m, 1Hpuea -NHCH(CO)CH>-);
0 7.0-8.0 (m, 10Hrns H-Ar). The degree of derivatization in PLA (DDpra), determined
from the TH-NMR spectrum, as reported elsewhere, was equal to 4.1 £0.46 mol % [18].
The weight-average molecular weight (M,,) of PHEA, PHEA-g-RhB and
PHEA- RhB-PLA graft copolymers used in this study, were calculated from SEC
chromatograms, resulting respectively 53.6 kDa (M,,/M,= 1.2), 52.5 Da (M,,/M,= 1.6),
and 209.0 kDa (M,,/M,,= 1.50).

2.3 Preparation of Fluorescent Nanoparticles
2.3.1 Rhodamine-B Loaded PLGA-PEG Nanoparticles (Loaded-PNP)

RhB loaded PLGA-PEG NPs were prepared by the “nanoprecipitation method”
with modification as previously reported by Bonaccorso et al., [19].

PLGA-PEG (12 mg/mL) was dissolved in the organic phase (acetone). The
aqueous phase (water/ethanol 1:1 v/v) was composed of Tween 80® (0.1 w/v). RhB
was added to aqueous phase at 0.005% w/v prior precipitation process. The organic
phase was added dropwise under constant stirring at room temperature into the
aqueous phase (volume ratio 1:2) until a milky suspension had formed. The organic
solvent was removed under vacuum (Biichi R 111), (38-40 °C and 450-500 bar).

232 PLGA-PEG and PHEA-g-RhB-g-PLA Blended Nanoparticles (Grafted-PNP)
This sample was obtained by dissolving in the organic phase PLGA-PEG and
PHEA- ¢-RhB-g-PLA graft copolymer 5% w/w on the PLGA-PEG weight, and by
following the procedure described above for loaded-PNPs.
An unlabeled sample (without RhB and PHEA-¢g-RhB-¢-PLA) was also
prepared as control (PNP).

2.4 Purification Procedures to Remove Unloaded RhB from Loaded-PNP

A purification process was used for loaded-PNP. Dialysis and centrifugation
were investigated to eliminate any residual of surfactant and/or unloaded fluorescent
molecules. The NPs suspensions were studied in terms of mean size, PDI and surface
charge, before and after the purification phases, to evaluate variations due to the
purification processes.

For centrifugation process we used Thermo-scientific SL 16R Centrifuge
(Thermo Scientific Inc., Waltham, MA, USA) at 12,000 rpm for 1 h at 8 °C. The obtained
supernatants were collected for HPLC analysis, pellet was resuspended in water and
characterized through PCS analysis.

For dialysis process we used membranes (Mwco 3000 Da, diameter 11.5 mm;
Spectra/Por®) previously hydrated. The colloidal suspensions inserted in dialysis
membranes were immersed in 500 mL of distilled water. The frequencies of water
changes per hour in dialysis (sample PNPs and loaded-PNP) were3/3 L/h (3L in 3 h).
At the end of the procedure the samples were collected and characterized through PCS
analysis.

Further centrifugation process was carried out for collected dialyzed samples
to evaluate the encapsulation efficiency (EE%) and RhB release profile. For this aim
the dialyzed samples were centrifuged at 12,000 rpm for 1 h at 8 °C, the obtained
supernatant and pellet were analysed by UV.

128



2.5 Entrapment Efficiency of RhB into Loaded-PNP

The amount of free RhB in the loaded-PNPs was calculated to determine the
EE%. The pellet obtained by ultra-centrifugated sample was dissolved in acetone. The
amount of RhB in the supernatant was determined spectrophotometrically using a
spectrophotometer (UV-VIS 1601 spectrophotometer, Shimadzu Italia, Milan, Italy) at a
wavelength of 547 nm.
The calibration curve for the quantitative evaluation of RhB in acetone was linear in the
following range: 12.70-0.72 ng/mL (R2= 0.9663). The amount of RhB in the supernatant
was determined. The calibration curve for the quantitative evaluation of RhB in H.O/EtOH
was linear in the following range: from 8.16 to 0.16 pg/mL at RhB A max 547 (R2 =
0.9663). The EE% was calculated using the following Equation (1):

WEE = Zrellet 100 (1)

Wi

where W is the amount of RhB added during preparation and Wi is the amount of
RhB determined in the pellet after dissolution in acetone.

2.6 Yield of Purification Process

In order to determine the most efficient purification methods we investigated
the purification yield for both studied procedures. Purification efficiency was expressed
as the percentage amount of dialyzed RhB compared with the unencapsulated amount.

In the case of dialyzed samples, a further centrifugation step was required.

The concentration of RhB in the obtained supernatants was measured by UV
Spectroscopy. The percentage of purification was calculated using the following
Equation (2):

UgRhB supernatant

Purification ef ficacy(%) = x100 (2)

UgRhB tot—ugRhB encapsulated

Each experiment was performed in triplicate and the results represent the mean +
standard deviation (SD).

2.7 Particle Size Distribution and Zeta Potential Measurements

Nanocarriers” mean size, polydispersity index (PDI) and ZP were determined
by PCS (Zetasizer Nano S90; Malvern Instruments, Malvern, UK). The experiments

were carried out at a detection angle of 90°, at 25 °C with a 4 mW laser operating at 633
nm as light source.

Each value was measured in triplicate. The results are shown as the mean *SD.

2.8 In Vitro Release Profile of RhB from Loaded-PNPs

The amount of RhB released from loaded-PNPs was measured on the
resuspended pellet obtained after centrifugation of the samples, the supernatants were
analysed through UV and 1 mL of phosphate-buffered saline (PBS) (pH 7.4) was used to
resuspend the pellets. Cellulose membrane dialysis tubing (MWCO 3.5 kDa, Flat width 18
mm, diameter 11.5 mm; Spectra/Por® Dialysis Membrane, Waltham, MA, USA)
containing the nanosuspensions were incubated in 20 mL of PBS at pH 7.4) and were

maintained under magnetic stirring at 37 °C, up to 72 h. Release medium (1 mL) was
took out at different time points (0, 1, 5, 24, 48, 72) and replaced with the same volume
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of fresh medium, to maintain the sink condition. To determine the RhB concentration
in the collected samples UV analysis was used, the wavelength was 553 nm. Each
formulation was analysed in triplicate.

Calibration curves for the quantitative evaluation of the probe were linear in
the following ranges: (i) 6.00-0.17 ng/mL of RhB (R2 = 0.997) for analyses in PBS pH 7 4.
This data was also used for in vitro release experiments.

2.9 Atomic Force Microscopy (AFM)

AFM imaging was performed on adlayers prepared by drop casting at room
temperature on freshly cleaved muscovite mica (Ted Pella, Inc., Redding, CA, USA).
Briefly, a 10 pL volume of the concentrated dispersion of NPs was deposited on the mica
substrates and, after 5 min, the mica surface was washed with 1 mL of milli-Q water,
dried under a gentle nitrogen stream and imaged. A Cypher AFM instrument (Asylum
Research, Oxford Instruments, Santa Barbara, CA, USA) equipped with a scanner at an
XY scan range of 30/40 pm (closed/open loop) was operated, in AC-mode, in air.
Tetrahedral tips made of silicon and mounted on rectangular cantilevers (30 um) were
purchased from Olympus (AT240TS, Oxford Instruments, Santa Barbara, CA, USA).
Images, with the surfaces from 1 to 10 umz, were scanned and the sizes of particles were
measured using a free tool in the MFP-3DTM offline section analysis software.

2.10 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry studies were carried out with a Mettler Toledo
DSC 1 STARe system equipped with a Poly-Science temperature controller
(PolyScience, Columbus, OH, USA). The sensitivity was automatically chosen as the
maximum possible through the calorimetric system, and the reference was an empty pan
(signal time constant 18 s; digital resolution of the measurement signal < 0.04 pW,
calorimetric resolution 0.12 and sensitivity 11 both determined through the TAWN test; the
sampling rate 50 values/second). Calibration was carried out using indium as described in
the procedure of the DSC 1 Mettler TA STARe instrument. Raw materials, RhB, PNPa,
loaded- and grafted-PNPa were sealed in an aluminum pan and submitted to DSC
analysis to determinate the thermotropic parameters of samples. Each sample was

submitted to heating and cooling cycles in the temperature range 10-200 °C at a

scanning rate of 5 °C/min (heating) and at a scanning rate of 10 °C/min (cooling).
Transition temperature was calculated from peak areas with the Mettler STARe
Evaluation software system (version 16.20).

2.11 Spectroscopic Quantification of RhB Dye Loading in the PNPs

To quantify the amount RhB immobilized by the two different approaches, the
molar extinction coefficient (g) of RhB in ultrapure MilliQ water was determined, as
shown in Supplementary Figure S1. A calibration curve was obtained by using five
different dilutions, in the concentration range from 3.11 x 10¢ M to 5.18 x 10¢ M, of
a stock 2.08x10- M solution prepared by dissolving1 103 g of RhB in 1 mL of Milli-Q
water. The linear regression of the maximum absorbance values recorded at the
wavelength of 552 nm (R? = 0.99823) resulted in the € value of 4.5 x 10* M1cm-1.

The NPs purified either by dialysis or ultracentrifugation, were characterized
by UV-vis spectroscopy on a Perkin Elmer UV-vis spectrometer (Lambda 2S) using
quartz cuvettes with an optical path length of 1 cm, for the suspensions, and 0.1 cm, for
the pellets. The spectra were recorded by diluting the suspensions, in MilliQ water, 45
and 3 times, respectively for the loaded-PNP and the grafted-PNP. Whereas the pellets
derived by centrifugation or samples obtained by dialysis were diluted 100 and 8 times,
respectively for the loaded-PNP and the grafted-PNP, respectively.
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2.12 Determination of Surface PEG Density and PEG Chains Conformation on Nanoparticle Surface

The amount of PEG exposed on the nanoparticle surface, expressed as surface
PEG density, was determined on the freeze-dried samples by following an already

reported 'H NMR method [20,21].

First, PEG dispersions in DO (range of concentrations: 10°-10?M), containing
ethylendiamine (EDA) (1 nL/mL) as internal standard, were analysed to set up a calibration
by using the PEG integral values at 6 3.6 ppm (y = 8314.9x, R = 0.9993). Each sample
of NPs was dispersed in DO (12.5 mg/mL), the internal standard was added, and from
the integral value of PEG found in the acquired spectrum, the amount of PEG was
calculated by using the calibration curve.

By proper calculations and considering that the PEG chains exposed on the
surface were full length of 5 kDa PEG, the number of PEG molecules per 100 nm? of
NPs surface area was determined by using the following Equation (3) and expressed as the
surface PEG density [I'] parameter:

MppX6.02x10%3 2
I =[w7——/4n(D/2)*] x 100 3
M = ey /40 /2)) ©
where Mpgc is the total PEG content, IWp is the total mass of NPs, dnp is the density
of nanoparticle (here we assume the density of NPs is equal to the density of polymer,
1.34 g/mL for PLGA 50:50), D is the particle diameter as measured by the dynamic
light scattering.

Then, the surface area occupied by a single PEG chain could be calculated,
considering that a single PEG chain occupies an area at the interface given by a sphere of
diameter &, as elsewhere reported [21], following Equation (4):

E (nm) = 0.076 A/ M pEG (4)

where mpgg is the PEG Mw.

For PEG chains of 5 kDa ¢ was found to be 5.4 nm and occupies an area that is 22.7
nm? Therefore, considering a NPs surface area of 100 nm? [I*], the number of
unconstrained PEG molecules need to cover it was found to be 4.4.

2.13 Cellular Experiments
2.13.1 Cell Culture Maintenance

RPMI1640 medium, streptomycin, L-glutamine, fetal bovine serum (FBS) and
horse serum (HS) were provided by Sigma-Aldrich (St. Louis, MO, USA). NGF was
obtained from Invitrogen Laboratories (Paisley, UK). Rat pheochromocytoma (PC12
line) cells were cultivated in complete medium, i.e.,, RPMI1640 supplemented with
10% HS, 5% FBS, 2 mM L-glutamine, 50 U/mL penicillin, and 50 pg/mL streptomycin.
The cell culture was grown in tissue-culture treated Corning® flasks (Sigma-Aldrich,
St. Louis, MO, USA) in humidified atmosphere (5% CO.) at 37 °C (Heraeus Hera Cell
150C incubator).

2.13.2 Differentiation of PC12 Cells

Differentiation of PC12 cells were performed, as described in the literature [22],
with some modifications. PC12 cells were plated onto 48-well tissue culture plates
coated with 0.01% poly-lysine according to the manufacturer-recommended
procedure. Cells were plated at a density 3x10* cells/well in complete medium and
after 20 h of plating, the medium was replaced with RPMI1640 medium supplemented
with 50 ng/mL NGF, 0.5% of HS, 0.25% of FBS, 2mM L-glutamine, 50 U/mL penicillin,
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and 50 pg/mL streptomycin. At day 2, 4, and 6 a concentrated stock of NGF was
added for a final concentration of 50 ng/mL.

2.13.3 Cytotoxicity Assays

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was purchased
from Sigma-Aldrich (St. Louis, MO, USA). The effect of NPs on viability of
differentiated PC12 cells was tested by incubation with the compounds, namely PNP,

loaded-PNPs at the RhB concentrations of 2.1x1075 and grafted-PNP at the RhB
concentration of 1.1x10°® M (concentrations for each), by diluting the samples with final
polymer concentrations equal to 1.5 mg/mL, 3 mg/mL, 15 mg/mL from the purified
pellets. The viable cells were quantified by the reaction with 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide. After 90 min, the reaction was stopped by adding
DMSO, and absorbance was measured at 570 nm (Varioskan® Flash Spectral Scanning
Multimode Readers, Thermo Scientific, Waltham, MA, USA). Results were expressed
as percentage of viable cells over the concentration of each compound. The
experiments were repeated in triplicate and results expressed as mean + SEM.

2.13.4 ROS Assays

To analyze the intracellular ROS production, differentiated PC12 cells were treated
with NPs for 24 h and then stained for 15 min with 2’,7’-Dichlorofluorescein (DCF) and
Hoechst33342. Fluorescence of the samples was analyzed by fluorescent plate reader
(Varioskan® Flash Spectral Scanning Multimode Readers, Thermo Scientific, Waltham,
MA, USA). Results are represented as the increase in DCF, normalized with live-cell
fluorescent staining of DNA Hoechst33342, with respect to controls and are means +
SEM for three wells for each treatment.

2.13.5 Laser Scanning Confocal Microscopy Imaging

An Olympus FV1000 confocal laser scanning microscope (LSM), equipped with
diode laser (405 nm, 50 mW) and gas lasers (multiline Argon: 457 nm, 488 nm, 515 nm,
total 30 mW; HeNe(G): 543 nm, 1 mW and HeNe(R): 633 nm, 1 mW) was utilized to
execute confocal microscopy studies. Images were collected with oil immersion
objective (60xO PLAPO), in sequential mode, randomly all through the area of the well.
The detector gain was fixed at a constant value. The image analysis was carried out by
means of Huygens Essential software (by Scientific Volume Imaging B.V., Hilversum,
The Netherlands).

To perform the experiments of cellular uptake, PC12 cells were plated in poly-lysine
precoated glass bottom dishes (WillCo-dish®, Willco Wells, B.V., Amsterdam, The
Netherlands) with 12 mm of glass diameter at a density of 1x10* cells/well in complete
medium, then differentiated according to the protocol described above. Thereafter, cells
were treated for 2 h, at 37 °C into the incubator, under humidified atmosphere of
air/CO» (95:5) with RhB (4 uM) or PNPs (3 mg/mL), either bare or RhB-functionalized
nanoparticles.

Afterwards, cells were stained with nuclear dye Hoechst33342 (1 pg/mL) and
fixed with high purity 2% paraformaldehyde in PBS, pH =7.3.

2.14 In Vitro Tests on OEC
2.14.1 Animals

Experiments were carried out on 2-day-old mouse pups (P2), provided by
Envigo RMS s.r.l. (Udine, Italy). Animals were kept in a controlled environment (23
+1 °C, 50 £ 5% humidity) with a 12 h light/dark cycle with food and water available
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ad libitum. Experiments were carried out in compliance with the Italian law on animal care
no. 1161992 and in accordance with the European Community Council Directive
(86/609EEC) and were approved by the Ethical Committee at the University of Catania
(Italy). Efforts were made to minimize the number of animals used.

2.14.2 Cell Cultures

OECs were isolated from pup’s olfactory bulbs as previous described by Pellitteri et al.,
[23]. Briefly, bulbs were removed from decapitated pups and dissected out in cold (+4
°C) Leibowitz L-15 medium. Then, the pellets were digested in Medium Essential
Medium-H containing collagenase and trypsin. Trypsinization was stopped with
Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% Fetal Bovine
Serum (FBS). Cells were resuspended and plated in flasks, fed with fresh complete
medium DMEM/FBS, 2 mM L-glutamine and antibiotics. To reduce the number of
dividing fibroblasts, cytosine arabinoside (10° M), an antimitotic agent, was added 24 h
after initial plating. Subsequently, an additional step transferring from one flask to a new
one, to reduce contaminating cells, was carried out. Purified OECs were plated both on 25
cm? flasks and cultured in DMEM/FBS at 37 °C.

2.14.3 MTT Bioassay

When cells were confluent, they were detached by trypsin and re-plated in
multiwell 24-well plates. After 24 h the NPs (PNP, loaded-PNP, grafted-PNP) were
added in OEC cultures at different concentrations (0.1, 0.5, 1.0 e 5.0 mg/mL) and
incubated at 37 °C in DMEM/FBS medium 24 h, for cell viability test. Some OECs were
grown without the presence of PNPs, and they were considered as controls. The OEC
morphology in all conditions was monitored and the images were captured by phase-
contrast microscopy (Zeiss, Oberkochen, Germany) using a 20xlens.

After 24 h that the NPs placed inside OEC cultures, cellular viability was
evaluated by the 3-[4,5-dimethylthiazol-2-yl)-2,5-diphenyl] tetrazolium bromide (MTT,
Sigma, Milan, Italy) reduction assay, a quantitative colorimetric method was utilized to
evaluate cellular cytotoxicity: MTT was added to each multiwell and placed for 2 h in
a CO. incubator. We removed DMEM/FBS and added MTT solvent (acid-
isopropanol/SDS), the cells were shaked for 15 min. A multisKan reader at 570 nm was
used to measure the absorbance [23]. The collected data were expressed as the
percentage MTT reduction in comparison with control cells. Differences between OECs
grown in presence or not of NPs were assessed using one-way analysis of variance (one-
way ANOVA) followed by post hoc Holm-Sidak test.

2.15 Statistical Analysis
Statistical analysis was performed using Prism 6 (GraphPad Software 6.01,
Inc., La Jolla, CA, USA).
For the statistical analysis, we used a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons test for the analysis of NPs mean size and
PDI. Significance was defined as p < 0.05.

3.Results and Discussion

In this paper, we have produced RhB labelled PEG-PLGA NPs as potential
nanostructured carriers to study the nose-to-brain pathway as an administration route
for drugs. In particular, the nanoprecipitation method was followed to obtain NPs; two
different strategies to load the fluorescent dye have been exploited, i.e., the physical
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entrapment of the free RhB into the PEG-PLGA matrix, or the blending of PEG-PLGA
with a copolymer carrying RhB covalently linked on the polymeric backbone [12,18].
Being different entrapment strategies, two different nanocarriers were obtained,
respectively named loaded-PNPs when the free dye was entrapped and grafted-PNPs
when the dye was entrapped into the nanoparticle matrix after conjugation with a graft
copolymer.

3.1 Preparation and Evaluation of Physical-Chemical Properties of the Loaded-PNPs

In the case of loaded-PNPs, being the dye physically entrapped into PEG-PLGA
matrix, a relevant question to solve was the determination of RhB release profile from
the nanosystems in physiological conditions to prove that the fluorescence determined
during the in vitro and in vivo experiments was due to the cargo and not to the dye
released during the experiment. Thus, first step was to purify the nanoformulations to
remove the excess of the surfactant and the unloaded RhB; for this purpose, we
investigated two purification processes: dialysis and centrifugation. Physicochemical
characterization and purification yield were performed through PCSand UV analysis to
select the most suitable method (Table 1). Nanoprecipitation allowed to obtain NPs
based on PLGA-PEG with a core constituted by the PLGA portion, the while PEG
portion forms a hydrophilic corona, resulting in a core/corona structure. The PEG
portion forms a flexible layer on the surface of the NPs, this thick layer is referred
generally to as the “mushroom or brush pattern” as reported widely in literature [8,24].
Nanoprecipitation is usually selected due to its straightforwardness and user-
friendliness with standard laboratory equipment. With this method, it is possible to
obtain samples in small volumes, reducing the amount of starting raw materials.

Table 1. Chemicophysical properties and yield of purification of loaded-PNPs purified through
centrifugation and dialysis procedures.

%Yield of
Type and Purification Z-ave purification
(nm) PDI+ S.D.b ZP £S.D.b %EE®
Processes Steps S.D.b Respect to the
e Unloaded RhB
Before
purification 3445+99  0.098 £0.035 -14+£0.1
process 80.190
After Dialysis 143.6+22  0.135+0.018 -202+£0.9 8.234 3.857 +1.241
purification A.Ca1 step 1459+04  0.117 £0.005 -23.4+09 34.148+1.293 d
process A.Cafinalstep 190.2+4.1  0.198 £0.024 -27.7+0.3 40.754 £2.113 d

@ A.C. —after centrifugation; b S.D. - standard deviation; ¢ E.E. — encapsulation efficiency; 4 total sum of the three
centrifuge steps.

The decrease of solubility of the polymer and/or the molecule that should be
loaded in the solvent/water mixture is the first step to obtain particles, resulting in the
formation of small aggregates at critical concentrations of super-saturation, allowing
the realization of a homogeneous system. The growth of the aggregates occurs until
they reach the state of colloidal stability. The probability of obtaining monodisperse
particles depends on different factors; one is the uniform growth of the nuclei. It is
important to strictly control these critical processes to avoid independent precipitation of
the polymer and the molecule. In fact, this phenomenon should occur, we could obtain
poor molecule loading and a dispersion that contains multiple species, such as
polymeric particles without molecule, molecule-loaded polymeric particles, and
molecule crystals. In this study, the nanosystem obtained before the purification process
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showed a mean size ~350.00 nm, representing the hydrodynamic diameter due to the
extension of PEG chains as brush conformation (schematic representation in Figure
la). Centrifugation decreased this parameter, due to the reduction of the
hydrodynamic diameter represented by mushroom conformation (Figure 1b), owing to
the subjected force. This phenomenon was also showed in dialysis process and in this
case, it was due to the residual amount of RhB on the surface that influenced the
conformation of PEG chains, as illustrated in the scheme of Figure 1c, the hypothesis
was the formation of “pockets” that hold RhB on the surface.

(a) (b)

Figure 1. Scheme of possible conformation of loaded-PNPs before (a) and after purification processes with
centrifugation (b) and dialysis (c).

The two purification processes allowed us to obtain monodisperse nanosystems,
with an increase in the absolute values of ZP (from -1.4 to -23.4 mV). The variation of
ZP values was related to surfactant remotion, and the difference for the nanosystems
obtained by the two different purification processes was due to a residual amount of
RhB that was not completely removed, in the case of dialysis, as confirmed by the yield-
purification data (Table 1).

In-vitro release studies (Figure 2) confirmed our previous hypothesis, in fact
centrifugated samples did not show RhB release until 72 h, while dialyzed samples
showed 1% of RhB released during the experiment.
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Figure 2. (a) Release profile of RhB from loaded-PNPs obtained from two different purification process,
at 37 °C for 72 h; (b) Magnification of the 1% release profile.
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The low percentage (1%) of RhB released was probably due to the diffusion of
RhB from the “pockets” and could be probably attributed to a conformational change
of PEG tails.

As previously demonstrated by Suna et al., the salt concentration of the release
medium may weaken the hydrogen binding between PEG chains and water molecules.
Consequently, PEG tails could stretch causing the collapse of “pockets” structures,
resulting in the release of the dye that was previously retained [24,25].

Therefore, the centrifugation seems to be the most suitable purification process
for loaded-PNPs to obtain NPs with RhB entrapped in the PLGA core (almost the 60
wt% of the theoretical), which limited the diffusion processes to 72 h.

3.2 Preparation of Grafted-PNP

To obtain fluorescent PLGA-PEG NPs with the probe stably incorporated inside
them a graft copolymer containing covalently linked RhB was blended into the NPs
matrix. In particular, the labelled graft copolymer was obtained starting from o, (-
Poly(N- 2-hydroxyethyl)-D,L-aspartamide (PHEA) derivative, by functionalization
with proper amount of RhB and polylactic acid (PLA), obtained the fluorescent PHEA-
g-RhB-¢-PLA graft copolymer [12,18,20]. Both these features had a very specific
function: RhB made the polymer fluorescent, while PLA made it hydrophobic,
ensuring the formation of insoluble nanostructures in aqueous media. It was already
reported in the literature the great potential of the PHEA-g-RhB-¢g-PLA graft
copolymer itself as starting material to produce several drug delivery systems (micro-
and nano-structures) for active targeting and theranostic applications [12,18,20]. The
chemical structure of PHEA-¢-RhB-g-PLA graft copolymer was depicted in Figure 3.
Chemical and enzymatic stability of fluorescent dye covalently linked to the copolymer
backbone by ester linkage was demonstrated until 4 days of incubation [20].
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Figure 3. The chemical structure of PHEA-g-RhB-g-PLA graft copolymer (Fluo-P) (n = 194).

3.3 Quantitative Evaluation of RhB Dye in the Loaded-PNPs and Grafted-PNP

To determine the amount of RhB entrapped into either loaded- or grafted-PNP
after purification, and to confirm that centrifugation was the process more
appropriate to recover both samples, both PEG-PLGA NPs labelled with RhB by
physical incorporation (loaded-PNP) or by covalent conjugation (grafted-PNP), were
characterized by UV-visible spectroscopy, by using the unlabelled PEG-PLGA
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nanoparticles (PNP) as control sample, using the two types of purification methods.
The spectra of loaded-PNPs and grafted-PNPs are displayed in Figure 4.
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Figure 4. UV-vis optical density (OD) spectra of: (a) PNP (dotted black line) and loaded-PNPs
(solid red line) suspensions, obtained after the dialysis process, compared with PNP (dotted grey
line) and loaded-PNPs pellets obtained after the centrifugation steps; (b) PNP (dotted black line)
and grafted-PNP (solid light blue line) suspensions, compared to PNP (dotted grey line) and
grafted-PNP pellets. In the insets the magnified region for the suspensions. Dashed lines refer to
the spectra obtained by the subtraction of the dye labeled PNP spectra with that of unlabeled
PNPs. Spectra were recorded by diluting the suspensions, in MilliQ water, 45 and 3 times,
respectively for loaded-PNPs and grafted-PNP. Whereas, the pellets were diluted 100 and 8
times, for the loaded-PNPs and grafted-PNPs, respectively.

The difference spectra (dashed lines) were shown to remove the background effect
from the PEG-PLGA nanosystems, including scattering from the NPs dispersion, as
particularly evident for grafted-PNP samples (Figure 4). As to the PNP suspensions
obtained after the dialysis process, the RhB characteristic absorbance peak was found
at 552 and 560 nm for dialyzed loaded-PNPs (Figure 4A) and for the grafted-PNP
(Figure 4B), respectively. Such a red shift (AN = 8 nm) confirmed the actual covalent
interaction between PNP and dye for the grafted-PNP, with a limitation of freedom of
rotational movement of the RhB molecules at the interface [26]. Based on the maximum
of absorbance, the estimated RhB concentration was 2.6x10* M for the loaded-PNPs and
3.7x10° M for the grafted-PNP.

As to the PNP dispersions purified by centrifugation, the loaded-PNPs showed a
red-shift of the RhB absorbance peak of about 3 nm (Amax = 555 nm) (Figure 4B), most likely
due to the reorientation of the “disordered” layer of dye molecule physiosorbed on the
particle surface, as an effect of the concentration procedure [27]. As to the grafted-PNPs, the
particle dispersion continued to maintain the absorbance maximum of the dye at 560 nm,
as expected for a stable chemisorbed layer of molecules surrounding the nanoparticle
surface. The calculated concentration of RhB, based on the maximum of absorbance
values were 2.1x10° M and 1.1x10* M, respectively for loaded-PNPs and grafted-PNP
pellets.

Therefore, based on our results, centrifugation seems to be the more suitable
process for the purification of both loaded- and grafted-PNPs, and for this reason particles
used for further characterization were obtained by centrifugation method.

3.4 Loaded-PNPs and Grafted-PNPs: Physical Evaluations

In Figure 5, the physicochemical properties of the unloaded, loaded- and grafted-
PNPs are depicted. The grafted-PNPs did not showed significant differences in terms
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of mean size (<200.0 nm) and PDI (<0.2) from the loaded-PNPs, while the unloaded-
PNPs showed a significantly higher mean size. Both labelled PNPs also presented
negative ZP values, with an increase in absolute value respective to the given PNP. The
small decrease in terms of mean size, in the case of loaded-PNPs and grafted-PNPs with
respect to unloaded ones, is probably due to the presence of RhB that helped to form a
different matrix organization.
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Figure 5. Comparative values in term of mean size (nm), PDI and ZP values (mV) of bare PNP; loaded-
PNPs and grafted-PNPs.

In Supplementary Figure S2 reported thermograms of raw materials and
investigated PNP. Loaded-PNPs (yellow curve) and grafted-PNPs (brown curve)
showed an endothermic peak at ~50 °C due to the typical endothermic peak of PCL
polymer that occurred at about 57 °C.

AFM analyses displayed a general size increase for the labelled NPs, compared with
the other PNPs, especially with grafted-PNPs (Figure 6). Such a data further proved
the effective functionalization via both physisorption and chemisorption of PNPs with
RhB, even if a reduced size of particles was shown respect to that estimated by dynamic
light scattering (Figure 5). This fact was related to a collapse of the layer surrounding
the nanoparticle surface, most likely due to the de-wetting process required for the AFM
sample preparation. DLS, instead, measured the hydrodynamic size of the particle, which
depends on both the particle “core” and the dye and solvation shell on the nanoparticle
surface.

3.5. Surface PEG Density

The physicochemical properties, such as mean size, are fundamental aspects of
ensuring the nose-to-brain drug delivery of colloidal systems. However, other surface
properties could improve this process, such as the PEGylation degree. To evaluate the
effective amount of PEG moieties on the surface of nanoparticle samples, a ‘H NMR
study was carried out [20]. A calibration curve was carried out with PEG solutions in
D:0O, in concentrations ranging between 10° and 10° M, by measuring the signal at 3.6
ppm and by using ethylenediamine (EDA) as internal standard.
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Figure 6. AFM 3D topography images, recorded in AC mode in air, for a PNP (a), a loaded-PNP
(b) and a grafted-PNP (c) with the corresponding line-section curves.

By comparing the integrals of the PEG peaks in the spectra of nanoparticle
sample dispersions in D;O to the calibration curve, the quantity of PEG on the NPs
surface was found. The data, reported in Table 2, showed that no significant
differences in the nanoparticle surface PEGylation were found to depend on the
chemical composition and RhB presence and/or entrapment method.

Table 2. Amount of PEG moieties on the NP surface, surface PEG density [I]. Number of PEG per
100 nm? and ratios of PEG density to full surface coverage [I/T*] of PNP, loaded-PNPs and grafted-
PNPs. Sample PEG amount on NP surface (mmol/100 mg) [T] (PEG chains/100 nm?).

PEG amount on [T]
Sample NP surface (PEG chains/100 r/rx
(mmol/100 mg) nm2)
PNP 2,79 x 104 13.7 3.1
Loaded-PNP 3,99 x 104 8.4 1.9
Grafted-PNP 4,86 x 10-* 17.4 4.0

Surface PEG density [I'] (number of PEG per 100 nmz), calculated as described
in the experimental part and reported in the Table 2, demonstrated a high surface PEG
density of all obtained samples.

To assess the surface PEG density and PEG chains’ conformation on the NP
surface, the number of unconstrained PEG molecules that occupy 100 nm? of particle
surface area {, was calculated and expressed as [I*]. Considering the Mw of PEG, it
resulted tobe 4.4 [21] [T'/T*] is an index to measure the PEG density on the nanoparticle
surface: values < 1 indicates low PEG density where PEG molecules are in a
mushroom-like conformation; whereas values >1 indicate high PEG density where
PEG molecules are in a brush-like conformation. For all samples, [I'/I*] resulted to be
higher than 1, indicating a high surface PEG density in all NPs, where PEG molecules
were in a brush-like conformation. The PEGylation surface density of the NPs obtained
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by incorporating the P-Fluo graft copolymer seems to be quite similar to that of the
systems obtained without RhB, while the use of free RhB seems to reduce PEG exposure
(more leaning towards mushroom hypothesis due to the purification process), although,
in all cases, this PEGylation was high enough to allow only the brush like conformation
on the surface, with long, thin bristles of PEG extending from the NP surface when the
sample was hydrated.

3.6 Biological Studies
3.6.1 Cytotoxicity Study on OECs

The image 7A shows the OEC density grown with different NPs (PNP, loaded-
PNP and grafted-PNP) at different concentrations (0.1, 0.5, 0.1 and 0.5 mg/mL). In Figure
7A are depicted cell viability percentages of the different nanosystems and in Figure 7B we
showed the qualitative analysis by phase-contrast microscopy of representative fields
of OECs. Our results demonstrated that PNPs were not cytotoxic toward OEC, as
evidenced by no variation in cells’ viability, the differences between the type of PNPs
were not significant for all concentrations tested (Figure 7). In this experiment, OECs
were chosen because they represent a special glial population of the olfactory system
that accompanies the unmyelinated olfactory axons of receptor neurons. Our previous
investigations focused on the possible uptake of the different NPs into OECs to realize
a drug carrier for intranasal administration used for nose-to-brain delivery. NPs could
be switched with neuronal cells to reach the brain via an anterograde axonal pathway;
this hypothesis should be deeply investigated [9].

3.6.2 Cytotoxicity Effect on a Differentiated Pheochromocytoma Cell Line (d-PC12)

Dose-response effect on cell-growth and -death levels were performed to
compare the cytotoxic activity of labelled NPs on a differentiated rat
pheochromocytoma cell line (d-PC12).

Neural differentiation of PC12 has been widely used in neuroscience both in
neurobiological and neurotoxicological studies as a neuronal cell model [28]. Following
treatment with nerve growth factor (NGF) PC12 cells exhibit a typical phenotype of
neuronal cells, sending out neurites and acquiring several features typical of
sympathetic neurons. To address this, PC12 cells were treated with NGF over the
course of one week to allow for neuronal differentiation [29]. Figure 8 shows the effect
of 50 ng/ mL NGF on PC12 cells and as expected, NGF activated the cells differentiation,
forming a complex neuronal network.

To gain information on the biocompatibility of labelled of PNPs, loaded-PNPs
and grafted-PNPs, d-PC12 cells were treated with them at different concentrations
(15, 3,1.5 mg/mL) for 24 h. Cell-viability data are reported in Figure 9. Figure 9 also
shows that the unlabeled NPs” addition to the culture medium significantly decreased
the number of cells at all studied concentrations, 15, 3 and 1.5 mg/mL (86 £ 4%, 81 +3%
and 72 £ 3% of untreated control). It is important to note, both loaded-PNPs and
grafted-PNPs did not show any significant difference at
concentration 1.5 mg/mL, compared with the untreated control 93 + 5% and 76 + 15%,
respectively. At 3 and 15 mg/mL, both labelled PNPs induced a concentration-
dependent decrease of PC12 cell viability, up to 66 + 15%, 61 £ 6% for 3 mg/mL, and 52
+4%,41 £ 3% for 1.5 mg/mL, respectively. We tested very high concentrations of NPs
to simulate a potential accumulation of them in neuronal cells after more of one
administration.

To understand if the toxicity of the studied PNPs depended on RhB’s presence,
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we examined RhB at the different concentration (2, 4, 20 uM). It is important to note,
that RhB at all tested concentrations did not decrease cell viability after 24 h of treatment
(data not shown).

It has been reported that PC12 is a cell line that has been widely used as an in
vitro model for investigating the neuronal oxygen sensor mechanism [30].
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Figure 7. (a) Cell viability after exposure for 24 h of normal olfactory ensheathing cells (OECs) to PNPs,
loded-PNPs and grafted-PNPs at different concentrations, ns means not significant statistically (b)
Qualitative analysis by phase-contrast microscopy of representative fields of OECs, both as control and
loaded to PNP, loaded-PNP and grafted-PNP at different concentrations (0.1, 0.5, 0.1 and 0.5 mg/mL).
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Figure 8. NGF-dependent neuronal phenotype differentiation of PC12 cells. Representative photomicrographs
obtained by microscopy of PC12 cells untreated (a) or treated with 50 ng/mL NGF (b) for 72 h. Scale bar
=50 um.
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Figure 9. Dose-response experiment on d-PC12 cells. Cells were incubated for 24 h with PNPs.
Results are presented as mean £ SD and normalized with respect to the control untreated cells. (* p
<0.05; ***p < 0.001 versus control untreated cells, one-way ANOVA).

Here, intracellular ROS production was studied by using an oxidation-sensitive
fluorescent probe dye (DCF), run to verify the damaging effects of NPs in the chosen
neuron cell model. To quantify the level of intracellular ROS, such as H,O,, - OH- and
ONOO -, we controlled DCF fluorescence, that, afterward, was normalized with
Hoechst33342 nuclear stain to quantify the cell number for every well. Normal d-PC12
cells exhibited weak green fluorescence in the control group and the unloaded PNP
group (data not shown). Results, shown in Figure 10, clearly demonstrated that loaded-
PNPs and grafted-PNPs injured d-PC12 cells, depict enhanced green fluorescence,
implying ROS accumulation in the injured cells. Especially, after the treatment with 3 and
1.5 mg/mL (polymer concentration in PNPs) of RhB-functionalized NPs, the DCF
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fluorescence intensity was increased after 24 h treatment up to 133 + 16% and 165 + 28%
for loaded-PNPs and 136 + 17% and 155 + 11% for grafted-PNPs. It is important to note
that incubation with RhB did not show a damaging effect for the cells (data not shown).
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Figure 10. Detection of total ROS production in d-PC12 cells using DCF. Cells were treated 24 h with
NPs and then analyzed by a Varioscan multimode microplate reader. Results are represented as the
increase in DCF, normalized with live-cell fluorescent staining of DNA Hoechst33342, with respect
to untreated control cells. Results are presented as mean = SD. (*p < 0.05 versus PEG-PLGA NP-
3, one-way ANOVA).

It has been shown that RhB, due to the positive charges in its structure, is able
to bind to certain DNA sequences, potentially causing genotoxicity. DNA damage
stimulates ROS production in cell cultures [31,32]. ROS accumulation in cells treated
with loaded- and grafted-PNPs at the highest concentrations could be attributed to a
more effective internalization of the dye when delivered into the NPs [33].

Laser scanning confocal microscopy (LSM) analyses were carried out to image
the ac- tual internalization of loaded- and grafted-PNPs by the d-PC12 cells (Figure 11).
Untreated cells (Figure 11a) and cells treated for 2 h with RhB (Figure 11b) or bare PNPs
(Figure 11c) were added into the study as negative and positive controls, respectively.

A similar diffuse red emission was clearly visible in the cell cytoplasm for both
cells treated with the fluorescent dye alone and those treated with RhB-loaded PNPs
(Figure 11d). On the other hand, the cells treated with RhB-grafted PNPs (Figure 11e)
exhibited a specked, but still evident, red fluorescence, which was not observed in the
cells untreated nor in those treated with bare PNPs.

The internalization of the labelled PNPs with the fluorescent dye RhB was
quantified in d-PC12 cells exposed to 15, 3 and 1.5 mg/mL dilutions of each
nanoparticle sample (Figure 12). It is known that RhB crosses biological membranes and
can be used in microfluidic and microscopic applications [34]. In accordance with our
results (Figures 4 and 5) and literature data, we analyzed d-PC12-treated cells for RhB
intracellular fluorescence with an absorption peak centered at 554 nm, and an emission
peak at 576 nm [35].
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Figure 11. LSM-merged micrographs of bright field (in grey) and fluorescence (blue: Hoechst33342
nuclear staining, Aex/em = 405/425-450 nm; red: Rhodamine B, Aex/em = 543/550-600 nm) of d-PC12
cells untreated (negative control, (a) and after 2 h of treatment with: 4 uM RhB (positive control, (b), 3
mg/mL bare PNP (positive control, (c), 3 mg/mL RhB loaded-PNP (d), 3 mg/mL RhB grafted-PNP (e).
Scale bar 20 um.

As expected, control- and PNP-treated cells did not show any emission in red
spectra. Figure 11 demonstrated that after the 24 h of incubation with both loaded- and
grafted-PNPs increased the intracellular levels of fluorescence at 576 nm.
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Figure 12. Detection of intracellular RhdB emission in d-PC12 cells. Cells were treated 24 h
with NPs or RhB (data not shown) and then analyzed by a Varioscan multimode microplate reader.
Results are represented as the increase in fluorescence, normalized with live-cell fluorescent staining
of DNA Hoechst33342, with respect to untreated control cells. Results are presented as mean + SD.
(*** p < 0.001 versus grafted-PNP, one-way ANOVA).

Important to underline that emission was significantly higher for loaded-PNPs
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than for grafted-PNPs at all tested concentrations, because each type of
formulation incorporated different amounts of dye. Our results suggested that
both nanosystems are efficient for in vitro/in vivo investigations.

4.Conclusions

In this work, we have produced Rhodamine (RhB)-labelled NPs for in vitro/in
vivo fluorescence imaging studies, a potentially useful carrier to investigate the
nose-to-brain delivery administration route of drugs. The studied NPs were
obtained by the nanoprecipitation method and by following two different
strategies to entrap RhB into the PEG-PLGA nanoparticles (PNPs), i.e., the
physical entrapment of free dye into the particles (loaded-PNPs) or the use of a
graft copolymer, where RhB was covalently linked on the polymeric backbone
(grafted-PNPs). The latter grafted polymer was obtained by covalent binding of
the RhB on a polyaspartamide/polylactide graft copolymer backbone. The
involvement of RhB in a covalent linkage was confirmed by UV-vis
characterization studies on the polymer matrix, which showed a slightly shifted
UV-vis peak compared to the loaded-PNPs matrix [20]. The obtained systems were
characterized by PCS analysis showed suitable size for nose-to-brain delivery
(<200 nm), homogeneous particle populations with PDI < 0.3, a negative surface
charge (23.4 mV) and high PEGylation density with brush-like conformation in all
investigated systems. The most appropriate purification process was
centrifugation, which allowed removal of approximately 40% of the
unencapsulated dye and allowed us to obtain a zero-dye release profile up to 72 h
for loaded-PNPs. On the other hand, the labeling method of the grafted-PNPs, i.e.,
by the entrapment of RhB stably linked on the PHEA-g-RhB-g-PLA backbone,
ensured the stability of the fluorescent dye inside the matrix, avoiding any
diffusion process. Cell-viability tests on OEC cells showed the absence of
cytotoxicity at all tested concentrations. Dose-dependent toxicity was observed in
vitro studies on d-PC12 cells and was higher for grafted-PNPs than for loaded-
PNPs. Although cytotoxicity studies revealed that loaded-PNPs showed lower
cytotoxicity compared with grafted-PNPs, the level of ROS production was rather
comparable between both investigated systems. Moreover, by in vitro studies we
have demonstrated that both PNPs are internalized from cells as the endocellular
fluorescence increases, as a function of the concentration of PNPs in the incubation
medium. In conclusion, both RhB labelled nanocarriers described in this paper
proved to be useful for potential in vitro/in vivo imaging after intranasal
administration.

Supplementary Materials: The following are available online at
https:/ /www.mdpi.com/article/10.3390/ pharmaceutics13091508 /s1, ~ Figure S1: UV-vis
calibration curve for RhB in Milli-Q water deter- mined at the wavelength of the maximum of
absorbance (A = 552 nm). Figure S2: DSC thermograms of PLGA-PEG (red curve), PHEA-
g-RhB-g-PLA (black curve), RhB (blue curve) as raw materials, unlabeled PNPs (green
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curve), loaded-PNPs (yellow curve) and grafted-PNPs (brown curve).
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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 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

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
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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].

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. In vitro
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
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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

V/awTi ”ou

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 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.
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.

Administrati Ocular
munistration Benefits Limits Anterior/Posterior = References
Route
Target
Difficult achievement of the anterior
and posterior tracts of the eye.
Possible degradation by digestive
fluids.
Non-invasive. Possible low absorption and .
Oral Increased compliance. bioavailability. Potentially both [45-48]
Hepatic first-pass metabolism.
Presence of anatomical barriers
(blood-aqueous barrier and
the blood-retinal barrier).
Difficult achievement of the anterior
or posterior segment of the
Systemic ) ! €ye.
(Intravenous and Avoided ﬁrSt_PaSS Lower compliance. . Potentially both [48,49]
. metabolism. Presence of anatomical barriers
intramuscular) (blood-aqueous barrier and
the blood-retinal barrier).
Sterility of the final form
Deposit of the
therapeutic agent
in the eye, in
some cases
Parenteral directly at' the site Administrat'ioln performed by
. of action. specialized personnel.
(Intravitreal, Increased local Invasive technique.
subretinal, concentration of Short-term complications, including
suprachoroidal, the drug. retinal damage, .
subconjuncﬁval, Reduced required dose endophthalmitis, Posterior [50-55]
intracameral, and avoided off- haemorrhage, intraocular
intrascleral, and target actions. inflammation, and increased
. Bypassing of ocular Intraocular Pressure (IOP).
intrastromal) epithelium and Sterility of the final form
other barriers,
resulting in
increased
bioavailability.
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
Over 90% of the physicochgmical' Prf)perties of
' ophthalmic the dr}lg (lipophilicity, charge,
Topical size and shape of the Both [56-64]
product on the .
market. 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
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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 corneal 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 20-200 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 pm 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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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 rhodamine 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].

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.
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“l am almost inclined to coin a
word, and call the appearance
fluorescence, from fluor-spar
[i.e., fluorite], as the analogous
term opalescence is derived
from the name of a mineral.”

(G. G. Stokes)
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Figure 2. Timeline of the fluorescence discovery.

Table 2. Physico-chemical properties of the main fluorescent probes used in ocular bioimaging.
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(g mol?) Water (nm) (nm)
o
Coumarin-6 /@(f s 350.43 Insoluble 488-666 502-649
HsC™ N (O]
HiC
OCH,
HO. OH
Curcumin 368.38 Insoluble 300-470 571
I OCHy
Cyanine 5- CL™ <10
phosphoramidit S e bo 94421 Insoluble 649 666
e N\ \ W, e PN
1,1'-
dioctadecyl- MG o o, £t
3,3,3,3'- z NP -
oy | I = ClOy4 —
tetramethylind @f/\”\ft@ 933.87 Low 550 565-588
R CH3(CHz)15CH2 CHaz(CHz)16CH3
ocarbocyanine
perchlorate
Cry
Fluorescein O 33231 Insoluble 465-490 494
HO (0] OH
O ONa
Fluorescein 0 376.27 Soluble 460 512
sodium salt
O
NaO O o}
HaoN o
- ()
aminofluorescei 0 347.32 Soluble 450-490 500-550

° O
HO o) OH

157


https://www.sigmaaldrich.com/IT/it/substance/cyanine5phosphoramidite94421351186760
https://www.sigmaaldrich.com/IT/it/substance/cyanine5phosphoramidite94421351186760
https://www.sigmaaldrich.com/IT/it/substance/cyanine5phosphoramidite94421351186760

HO ] 0] . OH
Fluorescein-5- @ 389.38 Insoluble 495 519
isothiocyanate O
0]
N=C=S
HO o OH
5 9ePe
(iodoacetamido) o 515.25 Insoluble 492 518
fluorescein 9 O
I\)LN @]
H
Q o]
; . HO J
5(6)-carboxy \ 0 376.32 Low 495 520
fluorescein O
HO O OH
ve
Nile Red = Q ‘ 31837 Insoluble 543-633 550-700
HeC” N (o] 0
HaC)
Rhodamine B 479.01 Soluble 488-530 600-633
Rhodamine B 536.08 Insoluble 553 563-650
isothiocyanate
) O COOCH;
Rhodamine 123 S HOl 380.82 Low 488 515-575
HoN O o) O NH
oo
o]
Rhodamine 6G H3C N CHs 479.01 Soluble 480 530
HsG™ N O (o] \N'HCI
A L
CH3
Toluidi HQCJQ:ND cl”
oluidine
Blue O HoN s S-CHs 305.83 Soluble 595 626

CHs

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
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
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properties with a dynamic pH range between 4.5 and 7.5 (the study uses blue nile in
parallel) [74].

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].

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 rhodamine 123, which forms the basis of the Mito-Tracker dye [83]. Lastly,
the rhodamine 6G is a rhodamine analog useful in Pgp (P-glycoprotein) efflux assays,
and it has been used to characterize the kinetics of MRP1 (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].

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]. Cy5 excited by visible light undergoes thiolation with a thiol anion and transforms
into a non-fluorescent thiolated Cy5. 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
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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-3,3,33" -
tetramethylindotricarbocyanine iodide dye was used to label polymeric nanoparticles
and study their cerebral delivery after intranasal administration [90].

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].

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
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-i1* transition, while the maximum absorption between 389 and 419 nm is
related to the keto and enol form, respectively [67].

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].

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
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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
3 Drug tracking

Fluorescent ——» « "o
probe .

————— Fluorescent-nanosystems ——» %ﬁ Diagnostics
‘::’}p”ﬂ l

Basic-nanosystems

THHE Theranostics
Labeled / Grafted

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

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 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 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 physiological phenomena (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 and 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 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 and
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.
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Figure 4. Graphical analysis of the fluorescent probes discussed in this review.

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
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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-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 R8 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 Gémez-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
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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 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
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were innovative in terms of formulation as there is a triple step: the drug was first
complexed using -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].

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, rhodamine 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
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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 proved to be anideal 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 along 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 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
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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
asamodel drug tolabel 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
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.

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, tunable
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 pP-cyclodextrin pretreated bovine corneas. To provide experimental
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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 (-
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
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
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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].

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. In
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 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].
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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 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
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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 wuseful 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 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
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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.

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
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 neovascularization. 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 labeling 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
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on the surface of AgNPs. The biological efficacy of the formulation was tested 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, 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-NH, to combine photodynamic therapy (PDT) and targeting
lipopolysaccharides (LPS) through polypeptide modification (YVLWKRKFCFI-NHo).
The fluorescent used was Toluidine blue (TB), which acted as a photosensitiser (PS) and
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was loaded into UiO-66-NH> 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].

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

Role of Molecule Name and Type of Identified
. Formulation Name of the Study Pathologies Status Number of the
in the Study
Tested Study
Lamelleye vs. Comparator

Evaluate corneal and LAMELLEYE

conjunctival damage Liposomal suspension for the Treatment of Dry ~ Dry Eye Syndromes Completed NCT03052140

Eye Disease
Efficacy of “Aquoral Lipo”
Artificial Tears in Contact Contact Lens

Evaluate tear breack AQUORAL LIPO New study (March,

up time and corneal (liposomal solution) in . . 2022) not yet NCT05290727
damage contact lens Len%\i/\sls;rgzr\t/\hth Complication recruiting
LAMELLEYE for the .
Eva'luate.corneal and . LAMELLEYE . Treatment of Dry Eye Primary Sjogren Unknown NCT03140111
conjunctival damage Liposomal suspension . : Syndrome
Symptoms in pSS Patients
A;g?:fRS Comparison of the Effects of
Evaluate comeal R AL g poRTE 1O Tear Substitutes in Dry eye Completed NCT03211351
damage . Patients with Dry Eye
(liposomal Syndrome
suspension)
Evaluate ocular TEARS AGAIN Dry Eye Treatment with
surface damage (liposomal spray) Artificial Tears Dry eye Completed NCT02420834
0OCs-01
Evaluate the absence (DCexilrs ste}:(ﬁ;ne In ﬂgrii(a):iclyr; E;‘?;I;ﬁl in inflammation and
of anterior chamber 4 . . pain following Completed NCT04130802
1 Nanoparticle Post-cataract Patients taract surger
cels Ophthalmic (SKYGGN) cataract surgery
Suspension 1.5%)
Intravenous
Administration of The Effects of a Single
Evaluate corneal Secukinumab Intravenous Administration
damage (AIN457) or of Secukinumab (AIN457) Dry eye Completed NCT01250171
& Canakinumab or Canakinumab (ACZ885)
(ACZ885) in Dry Eye Patients
solution
A Study to Assess the
Efficacy and Safety of
Evaluate corneal and T;:fai:aelrgp}tl t(}i Ifr?i’g) Tanfanercept (HL036) Dry eve Recruiting. NCT05109702
conjunctival damages P SoluFt)ion Ophthalmic Solution in yey Phase IIT
Participants With Dry Eye
(VELOS-3)
Evaluate conjunctival Hg?ioﬁtohgfrfiim A Study to Assess Efficacy Completed
J °) OP ) of HLO36 in Subjects With Dry eye pleted. NCT03334539
damage solution as topical Dry Eyes (VELOS-1) Phase II
ophthalmic drops (s
. Study Evaluating the Safety
Evaluate changes in NEX 4251 Fﬂutlcasone and Efficacy of NCX 4251 .
o propionate . . Blepharitis Completed NCT04675242
inferior cornea nanocrystal) Ophthalmic Suspension for
Y the Treatment of Blepharitis
®
Namoomsion oodar 75110y of Bffincy and
Evaluate Tear' Film lubricant (Propylene Tolerablht.y of S.YSTAI\.IE Dry eye Completed NCT03492541
Break-up Time Complete in Patients with
glycol-based eye Dry Eye Disease
drops)
. Evaluating the Efficacy and
Evaluate corneal TJO-087 Cyclosporine Safetygof TJO-087 1};1
ophthalmic Dry eye Recruiting NCT05245604
damage lsi o Moderate to Severe Dry Eye
Nanoemulsion (0.08%) Disease Patients
Study of Brimonidine
OCU300 Tartrate Nanoemulsion Eye
Evalz.il:;cﬁaco:neal Brimonidine Tartrate ~ Drops in Patients With Ocu}lfsstG)rDaiite\a/:ersus Completed NCT03591874
8 Nanoemulsion 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.

175



Table 4. FDA-approved products with fluorescein.

Name Active Ingredients Company Description NDA
Benoxinate Hydrochloride; . .
. . o Altaire Pharms Inc. Solution/Drops;
Altafluor Benox Fluoresceléxzsgl;i;um (0.4%; (Aquibogue, NYY, USA) Ophthalmic 208582
i i B h Lomb
Fluorescein Sodium Benoxinate Hydrochloride; ausch Lom Solution/Drops;

And Benoxinate 211039

Hydrochloride Fluorescein Sodium (0.4%; 0.3%)

Ophthalmi
(Dublin, Ireland) PR

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 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.

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
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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, 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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Introduction

As discussed in chapter 1 CCBs have been widely used in the treatment as
neuroprotective agents in the treatments of neurodegenerative diseases. Another
peculiarity of these class of drugs is their hypotensive properties, inhibiting the
intracellular Ca* influx resulting in relaxation of the vascular muscles with consequent
vasodilation and increase in blood flow.

The combination of hypotensive and neuroprotective effects makes these drugs
ideal candidates for the treatment of glaucoma [1]. It has been demonstrated that topical
administration of diltiazem, verapamil, nifedipine, phenylamine and flunarizine resulted
in a reduction in IOP in rabbits, primates and humans [2][3][4].

Flunarizine dihydrochloride ((E)-1-[Bis(4-fluorophenyl)methyl]-4-cinnamyl-
piperazine dihydrochloride, (FLN)) is considered a broad-spectrum non-selective CCB.
The multiple mechanisms of action exerted by this molecule contribute, each in a different
way, to reducing I0OP [5][6]. A study by Noguchi et al showed that, after intravenous
administration, FLN was the only CCB to act selectively on retinal blood vessels, causing
no cardiovascular side effects [7]. FLN is an ionized salt characterized by poor
permeability. Over the years, several strategies have been undertaken to modify the
solubility and thus the permeability of this molecule, such as inclusion in cyclodextrins
and incorporation into solid dispersions, organogel systems and lipid nanoemulsions
[8]1[9][10][11]. Among the approaches used to modify physico-chemical properties, such
as solubility of an ionizable hydrophilic drug, hydrophobic ion-pairing (HIP) has proven
to be a very useful strategy. HIP technigque involves pairing by electrostatic interaction
between the ionized drug and an oppositely charged counterion [12][13][14]. This

strategy has been widely exploited to enhance drug encapsulation in lipid delivery
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systems due to the increased lipophilicity of the complex, which facilitated incorporation
into the carriers [15][16][17]. In a study conducted by Li et al., HIP method was applied
to modify the permeability of pyranzepine dihydrochloride by complexing with organic
acids as counterions [18].

In our study, we chose to investigate three organic acids, a monocarboxylic acid
(sorbic acid, SA), a dicarboxylic acid (oxalic acid, OA) and a tricarboxylic acid (citric
acid, CA). To ensure a successful complexation, it is necessary to observe the ionization
degree of both components of ion-pair. In fact, the pH of the complexation medium has
a critical influence on the yield of the process. Another parameter of fundamental
importance, to be considered in the formation of ionic complex, is the stoichiometry
between the two species. The most used molar ratios between drug and counterion (D:C)
vary between 1:0.5 and 1:8 [18][19][20][21][22]. Based on the complexation yields
reported in the above studies, 1:1, 1:2 and 1:4 were chosen as molar ratios to be
investigated. lon-pair complexes can be formed before or during encapsulation, in the
first case it is called a "preformed"” complex and in the second case an "in situ" complex
[23]. Following the first method, a combined strategy was proposed in the following
study, with the concomitant development of ion-pair in combination with NLC to
improve the incorporation of FLN into lipid carrier systems.

A preliminary study was performed to evaluate the solubility of FLN and to select
the most suitable medium for complexation. The design and optimization of the ion-pair
complex and the empty NLCs were performed by DoE. The optimal condition for HIP
strategy were explored using a FFD set up with two factors on 3-levels. Specifically, the
effect of two independent variables including (A) the type of organic acid (SA, OA and

CA) and (B) the molar ratios D:C (1:1, 1:2 and 1:4) were studied on the output response,
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I.e., the percentage binding efficiency (BE%) for the prepared complexes which was
evaluated by spectrophotometric analysis.

HIP complexes were prepared according to previously reported methods with
slight modifications [21][18]. The proposed technique consisted of simple mixing of
aqueous solutions containing FLN and the ion-pairing agent. Briefly, FLN and ion-
pairing agents were dissolved in phosphate buffer at pH 3 (50 uM) separately, then the
ion-pairing solution was added slowly to the drug solution. The two stock solutions were
mixed at the different molar ratios and left on constant stirring (100 rpm) for 3 hours.

The formation of HIP complexes was evaluated using a spectrophotometer to
track the presence of spectral changes. Solid-state complexes were characterized by
differential scanning calorimetry (DSC) and Fourier-Transform Infrared Spectroscopy
(FT-IR).

The blank NLC formulation was optimized by applying a D-optimal design
consisting of three independent variables as the concentration of gelucire® 44/14,
concentration of mygliol® 812 and the ratio of two surfactants in mixture (tween® 80 and
solutol® HS15). D-optimal design experiments were carried out in 15 runs. For each run
the effect of the factors was studied on particle size, PDI and ZP of the formulations,
selected as dependent variables. The empty NLC was prepared using an adapted melt-
emulsification combined with a low-energy injection technique, without the application
of ultrasound or high-pressure homogenization, which require specific high-cost
equipment [31].

Once both components (HIP and NLC) were optimized, the lipid nanocarriers
were loaded with the complexed drug and the formulation was subjected to

characterization studies to evaluate the physico-chemical properties.
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Preliminary results

PB at pH 3 was the solvent in which FLN showed the highest solubility (97.63%).
The good drug dissolution could be attributed to the acidic pH, where FLN (pKa = 7.6)
results in an ionized form. In addition, the acidic pH would promote ionization of the
carboxyl groups of organic acids. lon-pairing agents have a pKa <5 due to the carboxylic
functional group, which completely ionizes at pH 3. Therefore, the acidic environment
could promote the electrostatic interaction between the protonated amine (FLN) and the
carboxylate ion (of the ion-pairing agents) with opposite charge. So, PB at pH 3 was
selected as the reaction medium to dissolve FLN and organic acids.
The influence of investigated factors on BE% illustrated in Figure 1 suggested that the
HIP complex able to provide the highest binding yield (100%) consisted of SA counterion

to the same amount of drug (1:1 molar ratio).

Figure 1. 3D Response surface plot illustrating influence of organic acid type (A) and molar ratio (D:C)
(B) on Binding Efficiency (%).

To validate the model used. the proposed complex was prepared and
characterized. Predicted error equal to 0.4 % demonstrated a strong correlation between
the observed (99.55 %) and predicted (99.98 %) BE%, confirming the reliability of the

model.
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Absorption spectra of HIP complexes were compared with that of pure FLN. UV
scanning of FLN1SA1 complex showed a red shift of the characteristic peak to A 258 nm.
The bathochromic shift could be the result of salt formation between oppositely charged
ionic groups [24][25]. The absorption curve of the ionic complex exhibited a less inclined
ascending segment compared to that seen in pure FLN, resulting in a broader band. The
shoulder formed in the 270-300 nm region of the absorption band could be attributed to
constructive interference between drug and counterion [26][27].

Thermograms of the HIP complexes (Figure 2) showed the absence of a Tm
consistent with the amorphous nature of the complexes, and the presence of events
attributable to glass transitions. It has been widely reported that a common property of
these chemical entities is low crystallinity. Amorphization therefore could indicate the
result of an occurred interaction between ionic species [28].
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Figure 2. DSC curves of (A) FLN (a), sorbic acid (b), physical mixture FLN+SA; (c), physical mixture
FLN+SA; (d), FLN-SA; (e) and FLN-SA, ion-pair complex (f); (B) FLN (a), oxalic acid (b), physical
mixture FLN+OA; (c), physical mixture FLN+OA; (d), FLN-OA; (e) and FLN-OA; ion-pair complex (f);
(C) FLN (a), citric acid (b), physical mixture FLN+CA; (c), physical mixture FLN+CA; (d), FLN-CA; (e)
and FLN-CA; ion-pair complex (f).
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As regard FT-IR analysis (Figure 3) a new absorption band between 1507 and
1548 cm™ was observed in the spectrum of each complex, indicating the modification of
the FLN amine group. The detection of the new peak suggested a successful complexation
process through the ionic interaction occurring between amine group (FLN) and the
carboxylic group (counterions) [29][30].
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Figure 3. FT-IR spectra of (A) FLN (a), sorbic acid (b), FLN-SAL (c) and FLN-SA2 ion-pair complex (d);
(B) FLN (a), oxalic acid (b), FLN-OAL (c) and FLN-OAZ2 ion-pair complex (d); (C) FLN (a), citric acid
(b), FLN-CA1 (c) and FLN-CAZ2 ion-pair complex (d).

After determining the influence that factors exerted on the output responses, the
formulation was optimized, prepared and experimentally validated. Predicted error (%)
was calculated for all responses except for ZP, which was discarded from this
consideration. Although the measured ZP (1.50 + 0.651 mV) deviated greatly from the
predicted ZP (0.546), the system maintained neutral surface charge values as required.

The estimated errors for particle size showed a good correlation between the theoretical
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value (100.05) and the one experimentally determined (88.99 + 12.23); a nearly
overlapping correlation was observed in the case of polydispersity index (PDI), with an
error < 4%. The prediction ability of the model was thus validated.

The formation of electrostatic interactions between the two components provides
a useful approach to enhance the permeability of FLN and reverse the highly hydrophilic
nature of the dichlorhydrate salt, in order to facilitate encapsulation in a matrix of lipid
nature. Further technological investigations are currently ongoing to evaluate the

encapsulation efficiency and release profiles of complexed drug-loaded NLCs.
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Introduction

This research project was carried out during the international mobility period at
the University Pharmacy Department of Pharmacy Administration in Semmelweis
University under the supervision of Prof. Romana Zelké. Part of the period was funded
by an Erasmus+ Mobility Network grant.

Given the interesting results by delivering melatonin in paper I, in this work we
designed nanofiber-based inserts for ocular delivery of this molecule. To date to the best
of our knowledge, no nanofiber-based device has been investigated to improve ocular
bioavailability of MEL. Electrospinning is a top-down, efficient, easy and versatile
process that has gained much attention in the last decade for the fabrication of nanofibers
[1]. This technique allows obtaining polymeric nanofibers with diameters in the
nanometric range from polymeric solutions and melts. Among the commonly used
polymers for electrospun nanofibers PLA, PLGA, PVA and PVP. The interesting
mechanical, chemical and electrical properties of polymers are useful to obtain resorbable
devices with flexible, porous structures and a high surface-to-volume ratio [2,3]. All of
them are FDA-approved for use in formulations intended for ocular application [4].

PVA is a hydrophilic semi-crystalline polymer that possesses properties of high
mechanical strength and excellent electroconductivity. The hydroxyl groups on the side
chains of PVA allow the polymer to self-crosslink in aqueous solutions to form soft,
flexible but at the same time resistant hydrogels. Due to these unique properties and the
recognized biodegradability and biocompatibility, PVA hydrogels have been widely used
to produce nanofibers by electrospinning [5]. PLA polymer is synthesized from
renewable sources and possesses attractive manufacturing properties [6]. Its high

mechanical strength, low cost and electrospinnability make it an excellent polymer to
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produce nanofibers [7]. The hydrophobic nature of PLA results in slow erosion in a
physiological environment, and this feature has been exploited to produce nanocomposite
fibers with prolonged and sustained drug release profiles [8]. The enormous advantages
of biodegradable polymers combined with those of electrospun nanofibers make
nanofiber-based inserts promising ocular drug delivery systems. The positioning of the
scaffolds in the conjunctival sac bypasses the precorneal barriers (rapid tear fluid turnover
and nasolacrimal drainage) typically associated with topical instillation of eye drops [9].

The purpose of this current study was to explore for the first time the ocular
delivery of MEL via nanofibers prepared by electrospinning technique. Hydrophobic
PLA and hydrophilic PVA polymers were selected to develop electrospun nanofibers.
Both nanosystems were loaded with different concentrations of MEL (0.1, 0.3 and 0.5%
wt). Tween® 80 as permeation enhancer was investigated for all nanofibers to observe
variations in the final properties of the nanosystems compared to the ones obtained
without the addition of permeation enhancer.

To produce PLA nanofibers, the electrospinning process was performed at 7% wt
PLA polymer concentration, using binary solvent system (Chl:DMF in a 6:1 molar ratio)
to solubilize the hydrophobic polymer. VVoltages were varied from 10 to 15 kV; the flow
rates were investigated from 0.2 to 0.5 pL/sec and the collector was fixed as 20 cm. The
appropriate flow rate for electrospinning the drug blended PLA polymer solutions was
set at 0.5 pL/sec and the voltage was adjusted ~11 kV. As regard PVA-based nanofibers
polymer concentration of 12% wt was used. To improve the solubility in distilled water
and to disrupt the strong intra- and interchain bonding of PVA polymer, the PVA
solutions were stirred on a magnetic plate and heated to about 80 °C. When a clear gel

was obtained the polymeric solution was electrospun at a flow rate 0.1 pL/sec, the applied
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voltage was 15-20 kV and the fixed distance between the needle and the collector was
12.5 cm. The jet coming out from the needle took the typical Taylor cone shape at a
voltage of ~16-17 kV.

The structural characterization of formulated fibrous inserts was in the focus of
this work. DSC and FT-IR were performed to characterize the solid-state samples. The
morphology of the composite nanofibers was investigated by scanning electron
microscope (SEM). The dissolution test was performed by modifying a previously
described technique based on the basket method reported by the Pharmacopoeia (Ph.Hg.
VIII) [12]. The in vitro release behavior of MEL-loaded nanofibers with and without
Tween® 80 was evaluated in PBS at pH 7.4 (37 °C). An in-line probe was immersed in
the beaker and to monitor the MEL release at a A max of 278 nm. The swelling degree
(%SD) of the produced nanofibers was also determined in aqueous medium (pH 5.5 and
7.4) within 24 h using a gravimetric method at room temperature.

Preliminary results
In this study, the electrospinning technique was successfully used to produce

MEL-loaded nanofibers. SEM studies confirmed the nanofibrous structure (Figure 1).

A)

18ku

Figure 1. SEM image of empty PVA-based (A) and PLA-based (B) nanofibers.
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Thermal characterization of the samples confirmed that the crystalline neat MEL
was in the amorphous form into the scaffolds. FT-IR analysis was performed on pure
components, physical mixtures (PhM) and electrospun nanofibers to assess potential
molecular interactions and to confirm the chemical composition of the composite
nanofibers. The FT-IR spectrum of pure substances showed the characteristic absorption
bands. Concerning the spectrum of PhM between MEL and PVA presented the high-
frequency regions of the spectrum like the MEL scan, with narrow peaks attributable to
N-H stretching and CH: alkyl groups. The low-frequency region was similar to pure PVA
polymer, with identifying bands for C=0O and C-O stretching. Similar results were
observed for PhM containing the PLA polymer. No difference was observed for all PVA
nanofibers scans (empty, loaded with different concentrations of MEL and with or
without Tween® 80). In detail, the spectra showed no peak attributable to MEL, but rather
similarities with the spectrum of neat polymer. Similar results were also obtained for PLA
fibers. The higher intensity that was observed for C=0 and C-O stretches in both types of
nanofibers could suggest the formation of hydrogen bonds that probably occurred during
the polymer dissolution phase [10]. It has been demonstrated that polymer solubility in
polar solvents is dominated by interactions such as hydrogen bonds [11]. The results of
FT-IR analysis proved that PVA and PLA nanofibers were successfully fabricated.

Regarding the in vitro release study, the two nanofibers showed different release
profiles according to their nature. The PVA-based nanofibers released the entire
melatonin load within 20 minutes; the release profiles of the fibers produced with or
without Tween® 80 showed overlapping curves. In contrast, nanofibers composed of PLA
exhibit slower drug release, and the curves of scaffolds prepared with and without

Tween® 80 showed substantial differences. The nanofibers containing Tween® 80
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released the full amount of encapsulated melatonin within 4, 5, and 6 hours for drug
concentrations of 0.1, 0.3, and 0.5 %wt, respectively. In contrast, nanofibers produced in
the absence of Tween® showed sustained release; after 12 hours percentages of melatonin
between 40 and 55 % were released from the scaffolds. The faster release from PVA
nanofibers could be explained by the interaction of the hydrophilic polymer with the water
molecules in the release medium. The interaction of the hydroxyl groups of PVA in
contact with the water molecules results in the dissolution of the fibers and therefore a
fast amount of drug could be released. Conversely, hydrophobic PLA has a weak
interaction with water molecules, resulting in a slower release profile [13]. The significant
difference in the release profiles of PLA fibers with or without Tween® could presumably
be attributed to the porosity of the nanofibers prepared with the addition of the surfactant.
In fact, Tween® 80 could result in the formation of fibers with a more open structure that
speeds up melatonin release compared with fibers obtained without the surfactant [14].

An interesting finding was that the addition of Tween® 80 in PLA-based
nanofibers provided an increase in swelling around 20-fold, suggesting an improvement
in the elastic behaviour of nanofibrous inserts and confirming the reason of faster drug
diffusion.

These data were presented at a preliminary stage, further technological
investigation is currently in progress to characterize the ocular inserts in order to validate

their use for potential ocular application.
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Neurodegenerative ocular diseases afflict millions of people worldwide affecting vision
function and eye health. The prevalence of these disorders increases exponentially with
age, and the aging population is increasing. Therefore, neurodegenerative diseases are
expected to have an increasing impact on quality of life. Currently available diagnostic
and therapeutic methods can rarely detect pathologies at an early stage or restore vision
loss. Few drugs have been approved for the management of such conditions and are
generally limited to symptomatic action (Weng et al., 2017).

Often the effectiveness of therapeutic treatment is not achieved because of poor
bioavailability of drugs in ocular tissues due to the presence of the dynamic and static
barriers of the eye.

Nanomedicine offers numerous advantages to overcome these obstacles, such as the
ability to control and tune the physico-chemical properties of delivery devices to achieve
formulations with a desired target profile. Sustained and controlled drug release profiles,
prolonged retention times on the corneal surface, and improved penetration of the
anatomical and physiological barriers of the eye are all advantageous features that can be
controlled by choosing the constituents of nanocarriers matrices (Meng et al., 2019).

In accordance with these considerations, we focused attention in studying and influencing
of chemistry and hydrophobicity surface of nanocarriers. Physico-chemical properties are
critical determinants of the biological identity of nanocarriers because they influence
pharmacokinetic steps. Indeed, by modulating the technological properties of
nanosystems, it has been possible to predict their fate after in vivo administration (Zhao
etal., 2019).

Polymers such as PLGA, PLA and PLGA-PEG have been chosen for the preparation of

nanocarriers because of their recognized biocompatibility, biodegradability, adjustable
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mechanical and physical properties that result in devices with controllable erosion times
and mucopenetrating properties to improve tissue penetration and thus ocular delivery.
Positively charged lipids like CTAB and DDAB were chosen to impart mucoadhesive
properties to the nanosystems in order to prolong contact time with the ocular surface
mucosa and improve drug bioavailability. Gelucire® 44/14 solid lipid was selected for its
absorption enhancing properties to improve corneal permeation and to ensure sustained
drug release. Its combination with Miglyol® 812 liquid lipid was used to increase the
loading efficiency of the devices and to modulate drug release kinetics.

These surface modifications would improve interaction with biological tissues and thus
enhance ocular delivery. Our work highlights the importance of starting material selection
and in-depth cross-technological analyses to obtain delivery systems for specific
applications.

In Paper I, polymeric NPs were intended for intravitreal delivery. So, the goal was to
impart anionic surface characteristics to the NPs to facilitate penetration of the intravitreal
network to the retina (Sakurai et al., 2001). PLGA and PLA polymers selected produced
NPs with strongly negative ZP values (between -23.8 and -39.0 mV), desirable for
formulations intended for intravitreal injection.

To ensure safe ocular administration, with no contaminants, trace surfactants and
solvents, nanovectors must be purified. Purification allows to obtain formulations with
uniform size and shape. This step is difficult and time-consuming because each
nanocarrier has different physico-chemical characteristics. So, there are no reproducible
techniques depending on the nature of the carrier, and the research for the most suitable
method can take long time and vast consumption of raw materials. The first step to

achieving the most suitable purification method provides that the physico-chemical
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properties of the carriers remain unchanged before and after purification processes.
Among the usual techniques for purifying nanosystems are centrifugation, filtration and
dialysis (Kokorina et al., 2019). From purification studies conducted in Paper I, it was
found that the ZP values of NPs were affected depending on the purification technique
employed. In this study, dialysis at different frequencies of water exchange (0.5 and 1
L/h) and centrifugation were investigated as purification methods. The results showed
that for the purification of these polymeric systems, centrifugation was the least suitable
technique, while dialysis with different frequencies of water exchange ensured the
maintenance of mean particle size but showed a strong influence on ZP values. The
different nature of polymers has shown variations in purification efficacy, encapsulation
efficiency and release profiles. Therefore, to obtain nanodevices suitable for a desired
route of administration a rational technological assessment is the basis for therapeutic
success and differs for each type of starting material.

For example, in Paper Il, the eye drops were designed for topical instillation. So, the
hybrid NPs were coated with cationic lipids to enhance electrostatic interaction with the
anionic ocular mucosa. The polymer matrix consisting of PLGA-PEG polymer was
chosen to take advantage of the mucopenetrating properties of the polymer, so as to
synergistically combine mucoadhesive and mucopenetrating action to promote the
passage of precorneal and corneal barriers. Purification of the nanocarriers by
centrifugation had a significant impact on the surface charge of the nanosystems, going
from neutral to positive values. The folding of the PEG chains from brush to mushroom
conformation allowed the positively charged lipid heads to emerge on the surface and
confer superior mucoadhesive properties compared with NPs consisting of PLGA-PEG

polymer alone, as demonstrated by the mucin particles method.
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In Paper 111, NPs developed for nose-brain delivery were prepared with the
mucopenetrating PLGA-PEG polymer. Here, nanocarrier purification was a relevant
process in order to remove traces of unencapsulated fluorescent probe that could create
misinterpretation in in vitro/in vivo cell tracking. In this case, however, the centrifugation
technique provided a better purification yield (34-40%) than dialysis (<4%). Regarding
the mean size, both purification methods resulted in a reduction in the hydrodynamic
radius of NPs. The reason of this decrease can be attributed to the conformation of the
PEG chains. Before the purification processes these were extended in a brush
conformation; purification by centrifugation would have folded the PEG chains into the
mushroom conformation, reducing by almost half the mean size compared with the
unpurified samples. Dialysis also resulted in a reduction in the hydrodynamic radius, but
in this case the change in the conformation of the PEG chains could be attributed to the
presence of the dye on the NP surface, which, by forcing the PEG tails in " pocket™ shaped
folds, was retained in the NP. This hypothesis was further confirmed by the poor dye
purification efficiency obtained by the dialysis method and the results of the release
studies. The release profiles of the dialyzed samples showed a percentage of released dye,
probably caused by the collapse of the "pockets” due to the salt concentration of the
release medium.

In recent years, the statistical QbD approach has been a powerful design tool useful for
implementing rational development of new formulations to obtain desired attributes
through a robust manufacturing process (Kumar and Vishal Gupta, 2015).

In this thesis work, the design of nanomedicines was carried out through different
approaches. The nanosystems studied in papers I, Ill, and VI had been previously

investigated and validated by the research group's know-how; therefore, the OVAT
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approach allowed a desired target profile to be achieved without considerable loss of time
and money. In papers Il and V, the formulations were newly designed; therefore,
experimental trials to achieve the QTTP would have required a significant economic and
time investment. Based on these evaluations, to provide desired performance to the
developed formulations while ensuring robust reproducibility, the multivariate DoE
approach methodology was employed to investigate the nanosystems studied in paper Il
and V. DoE has been a useful tool to achieve desirable characteristics such as size, surface
charge, mucopenetrating and mucoadhesive properties. Fine-tuning these properties
could be helpful to predict the probable pathway that systems might take to cross ocular
barriers in vivo.

Despite this, to assess the effective achievement of the drug at the target site, it should be
necessary to track the targeting of nanomedicine to ensure that the predicted pathways
are not compromised. To this end, tracking nanosystems in vitro and in vivo could be
useful both to quantify and assess drug release as well as to monitor biodistribution,
accumulation at the target site and in healthy organs and tissues. Bioimaging can be
performed in an invasive or noninvasive way. In the first case following administration
of the nanosystems, blood or tissue samples are taken at several time points. In the second
case magnetic and optical properties are induced to the nanomaterials, which are used as
effective diagnostic agents for various types of noninvasive imaging. Notable among
these are magnetic resonance imaging, computed tomography, positron emission
tomography, single photon emission computed tomography, optical, photoacoustic, and
ultrasound imaging. The advantages of optical imaging in terms of simplicity,

performance, cost, and time have made it the most popular imaging technique for in vivo
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tracking of nanosystems (Kunjachan et al., 2013). Therefore, our interest focused on the
use of fluorescent dyes in ocular field (Paper 1V).

Fluorescent probes are used in optical imaging to generate contrast to label nanomaterials
and collect pharmacokinetic information by in vitro and in vivo studies.

Labeling of nanosystems can be done in three ways: by encapsulating the probe within
the nanosystem, by grafting the fluorophore on the surface of the nanomaterial via
covalent bonding, or by double labeling by combining these two techniques (Zhukova et
al., 2021). To fully understand which labeling technique was most effective in Paper 111,
the Rhodamine B probe was encapsulated in the polymer matrix or covalently bonded to
the backbone of PLGA-PEG polymer. Although in both cases the NPs were internalized
by the cells, proving to be useful tools for exploring cell trafficking, the most stable
labeling method for possible applications in biodistribution studies was achieved by
grafting the dye on the polymer, in agreement with previous studies (Craparo et al., 2016).
When a source of excitation such as ultraviolet radiation impacts a fluorescent molecule
exciting its atoms, it re-emits the received electromagnetic radiation in the visible range
and fluoresces at a specific wavelength. Some ocular tissues are characterized by natural
green autofluorescence (Swetledge et al., 2021). Therefore, when fluorescent probes
falling in the green band (500-550 nm) are used for tracking nanomaterials in these
tissues, a preliminary study is important to assess the existence of overlaps that can
possibly be bypassed by opting for a fluorophore that absorbs at a distant wavelength.
The choice of probe to be used is crucial and should be appropriate for the type of system
being tracked. Dyes with low affinity to the nanomaterial could leak from them and falsify

the results (Zhukova et al., 2021).
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Given the increase in visual impairment in the global population, a major challenge for
researchers is directed toward the development of new ocular delivery systems to improve
the diagnosis and management of these difficult-to-treat chronic diseases affecting the
posterior segment of the eye.

Based on these issues, we decided to explore the use of nanomedicine to overcome
obstacles related to physiological and anatomical mechanisms and to provide targeted and

sustained drug delivery to intraocular tissues.

Nanometer-sized carriers could represent an improved delivery strategy for reusing drugs
that administered with conventional therapies showed poor therapeutic efficacy. The
ability to increase the stability of carrier compounds, protecting them from the
degradation they would undergo in the biological environment and providing sustained,
prolonged, and targeted deliveries into target tissues, could be the breakthrough to open
new horizons for drug therapies in the treatment and prevention of chronic

neurodegenerative disorders.

The multivariate DoE approach methodology proved to be a very powerful tool that
allowed us to achieve the desired goals with minimal effort and by reducing the number
of experiments and hence the cost of investment, in terms of resources, time, equipment,
and reagents.

The use of fluorescent probes has provided an important contribution to the feasibility of
biodistribution studies. Certainly, the basis of successful optical imaging is (i) the
selection of the most suitable fluorophore (in terms of chemical/physical properties) for
labeling the nanomaterial, (ii) the conduction of preliminary studies to ascertain the
absence of overlap to the auto-fluorescence of the studied tissues, and (iii) the choice of

labeling technique (encapsulation/grafting) most favorable for the aimed purpose.
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In conclusion, the pre-commercial production phase is of fundamental importance.
Intelligent selection of starting materials, rational design using statistical and multivariate
tools, thoroughly and cross-executed technological analyses, and suitable fluorescent
labeling of the developed nanodevices cover critical requirements to be able to guarantee

obtaining robust, effective and successful therapeutic formulations.
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