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1. INTRODUCTION

1.1 BACKGROUND

Neurodegenerative diseases (NDDs) show high prevalence with a trend of a progressively
growing incidence, especially in aging societies (1). The pathologic
term neurodegeneration refers to a heterogeneous group of progressively evolving
central nervous system (CNS) and brain diseases. It is an “umbrella” term indicating
gradual structural neuronal loss with functional consequences due to the abnormal

accumulation of misfolded and dysfunctional proteins within the complex nervous system

).

Among all, Alzheimer’s disease (AD) is the most common form of dementia and it is
strictly related with the increasing age population. According to recent studies, up to 70%
of the dementias occurring in older adults are attributed in whole or in part to AD (2).
According to the Alzheimer’s Association, 13% of people over 65 years suffer from this
disease in developed countries, where it is the fifth leading cause of death in patients at
this age. The World Health Organization (WHQO) estimates that the overall projected
dementia prevalence in global population will quadruple in the next decades, reaching
114 million patients by 2050 (3). In this sense, either the development of effective drugs
or increase their availability developing drug delivery systems are a crucial issue.
Additionally, patient’s compliance of the approved drugs able to delay and decrease the

neurodegeneration rates improving the symptomatology is also a matter of relevance.

Several authors reported similarities between brain and eye structures and there is a very
close relationship between eye diseases such as glaucoma, and AD (4, 5). So far, it has
been shown that the same hallmarks of AD correlate with glaucoma such as the AP} and
neurofibrillary tangles deposition on the retina of glaucomatous patients. Furthermore,
the retina possess the blood-retinal-barrier (BRB) which is similar to the brain blood-
brain barrier (BBB). Both of them show a highly restricted transport of molecules due to
the tight junctions. According to this assumption, drug delivery strategies such as
nanoparticles (NPs) useful for the transport across the BBB would also work out across
the BRB. Additionally, some surgical procedures or diseases could induce ocular
inflammation and an inflammatory process are also involved in AD. Therefore, NSAIDs

could be useful for the treatment of both AD and ocular inflammation (6). In the case of

1
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AD, NSAIDs permeation coefficient across the BBB is extremely low and encapsulation
of the drug into NPs would be a suitable approach to overcome this issue. In the case of
ocular inflammation, the drugs administered topically undergo a high clearance effect due
to the tear film and a suitable vehicle containing the drug would help to increase the
amount of drug retained, decrease enzyme inactivation and ameliorate the side effects

cause by the drug blood circulation.
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1.2 BRAIN NEURODEGENERATIVE DISEASES

1.2.1 THE CENTRAL NERVOUS SYSTEM

The central nervous system (CNS) consists on the brain and the spinal cord. The retina,
optic nerve, olfactory nerves and olfactory epithelium are nowadays considered to be part
of the CNS because they connect directly with the brain tissue without intermediate nerve
fibres. This system controls thought processes, guides movement, and registers sensations
throughout the body (7).

Brain structures

The brain is divided in three different parts: forebrain, midbrain and hindbrain.

The forebrain is constituted by the cortex, thalamus, and hypothalamus (part of the lim-

bic system). The brain cortex is the largest part of the human brain, associated with higher
brain functions such as thought and action. At the same time, the cerebral cortex is divided

into four lobes (Figure 1), each one associated with different tasks:

1 The frontal lobe: associated with reasoning, planning, speech, movement, emotions,
and problem solving.

2 The parietal lobe: associated with movement, orientation, recognition, perception of
stimuli.

3 The occipital lobe: associated with visual processing.

4 The temporal lobe: associated with perception and recognition of auditory stimuli,

memory, and speech.

Parietal lobe

Frontal lobe

Occipital lobe

Temporal lobe

Figure 1. Subdivisions of the brain cortex
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The midbrain is divided in tectum and tegmentum.

The cerebrum is divided in two hemispheres (left and right) connected by a group of
axons called corpus callosum. The cerebrum is formed by nerve cells which form the grey
surface and underneath white nerve fibres carry signals between this cells and other parts
of the body. The limbic system contain the thalamus, hypothalamus, amygdala, and

hippocampus.

- Thalamus: a large mass of grey matter deeply situated in the forebrain. It has both
sensory and motor functions. Almost all sensory information enters this structure
where neurons send that information to the overlying cortex. Axons from every
sensory system (except olfaction) synapse here as the last relay site before the

information reaches the cerebral cortex.

- Hypothalamus: is involved in functions including homeostasis, emotion, thirst,
hunger, circadian rhythms, and control of the autonomic nervous system. In

addition, it controls the pituitary.

- Amygdala: located in the temporal lobe, is involved in memory, emotion, and
fear. It is just beneath the surface of the front, medial part of the temporal lobe
where it causes the bulge on the surface called the uncus.

- Hippocampus: the portion of the cerebral hemispheres in basal medial part of the
temporal lobe. This part of the brain is important for learning and memory and for
converting short-term memory to more permanent memory, and for recalling

spatial relationships.

The hindbrain is made of cerebellum, pons and medulla. The cerebellum also possess
two hemispheres and has a highly folded surface. It is associated with regulation of
movement, posture and balance. Underneath the limbic system is the brain stem. This
structure is responsible for basic vital life functions such as breathing, heartbeat, and

blood pressure (7).
Brain barriers

Brain cells can be divided in two groups: neurons or nerve cells, that perform all the

communication and processing within the brain, and neuroglia (glial cells, such as
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astrocytes, oligodendrocytes, microglia, and ependymal cells) which support and protect

the neurons.
There are three main barriers between blood and brain:

The blood-brain barrier (BBB) is a dynamic structure which main function is the
separation of the circulatory system from the CNS and protect the later from potentially
harmful chemicals, toxins and infections (8). It is a highly selective semipermeable
membrane barrier created at the level of the cerebral capillary endothelial cells by the
formation of structures named as tight junctions around these capillaries, that do not exist
in normal circulation. This barrier is a unique regulatory system of brain capillaries that
protects the brain environment by preventing most molecules in the blood stream from
entering the central nervous system (CNS) and maintains the correct homeostasis (9). The
BBB possess a high surface area (20 m?) and a length of 600 km (10). This is a highly
specialized barrier and is the main obstacle for drug transport to the brain; therefore, the
development of systems able to cross the BBB is of high relevance. Mainly, the BBB

exerts three different functions (11):

- Protects the brain against blood compounds due to the tight junctions restricting
the transport of compounds except for oxygen, glucose, amino acids and other
essential nutrients. This is the main problem in the use of pharmaceutical
compounds to treat CNS disorders due to its inability to cross the BBB and reach

the target site.

- Selective transport from the capillary cells to the brain parenquima by a facilitate

transport or active diffusion ATP-dependent mechanism.
- Metabolism of specific blood compounds to the CNS.

Drug transport to the brain is highly conditioned by this barrier and, therefore, for the
physicochemical characteristics of the compound (12). The main factors affecting drug
transport across the BBB are shown in Table 1 being some of the optimum characteristics

of compounds able to cross the BBB are the following ones:
- The compounds should be unionised

- The log P value should be around 2
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- The molecular weight must be less than 400 Da

- Cumulative numbers of hydrogen bonds should not go beyond 8 or 10

Table 1. Main factors affecting the transport of compounds across the BBB (12).

Factors influencing drug transport across the BBB
- Concentration gradient - Affinity for receptors
- Molecular weight - Cerebral blood flow
- Lipophilicity - Metabolism by other tissues
- Sequestration by other cells - Clearance rate
- Flexibility and conformation - Cellular enzymatic stability
- Molecular charge - Affinity for efflux proteins

Unfortunately, the same mechanism that protect the brain from intrusive factors also
frustrates therapeutic interventions (8). The selective permeability of the BBB mainly
favours the transport of small, lipophilic compounds. Therefore, large molecules such as

neuropeptides, antibiotics or hydrophilic drugs are not able to cross this barrier (13).

However, in some conditions such as hypoxia or isquemia, the normal functioning of the
BBB is compromised increasing the permeability of macromolecules and compounds that
would be usually restricted. Considering this, different strategies to overcome the BBB
for drug administration had been developed, such as the use of some drugs in order to
open the thigh junctions, increase the drug cell internalization with specific proteins or

nasal administration of the drug in order to arrive directly to the brain (14).

The blood—-CSF barrier (BCSFB) lies at the choroid plexuses in the ventricles of the
brain where tight junctions are formed between the plexus epithelial cells; the choroid

plexus secretes CSF.

The arachnoid barrier: The brain is surrounded by the arachnoid membrane which lies

under the duramater. Tight junctions between cells of the inner layer of the arachnoid
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form an effective seal. The transport across the arachnoid membrane is not an important

route for the entry of solutes into brain.

The BBB hinders most drugs from entering the CNS from the blood stream, leading to
the difficulty of delivering drugs to the brain via the circulatory system for the treatment

of brain diseases (15). The main mechanisms to cross this barrier are shown in figure 2.

Transcellular Transporter Paracellular Receptor Adsorptive Efflux
BI d lipophilic mediated hydrophilic mediated mediated pumps
OO diffusion transcytosis diffusion endocytosis endocytosis
2
Tight 4 A 4 5] O
junction . 3 A 4 @ (4]
v \$
endothelium /’k\ m
® .
Brain ¢ vV e ©
& ® O
A 4
( astrocytes, pericytes and neurons )

Figure 2. Drug transport across BBB (from (15))

Different strategies have been carried out to facilitate of drug delivery to the brain (Figure
3) such as avoiding the barrier by using direct drug delivery by injection to the brain or
cerebrospinal fluids or the nasal route (14). Also intrathecal or intraventricular drug
administrations are sometimes used but it’s slow and ineffective brain delivery make
unavoidable to find alternatives routes for brain delivery. Other strategies are using the
transport pathways of the BBB modifying the drug properties or designing ligands that
are able to attach to the transport receptors like insulin or transferrin. Modifying the BBB
functions constitutes another useful approach; these functions can be modulated using
strategies such as opening the tight junctions by hyperosmolar mannitol in patients with
brain tumors or inhibiting the efflux pump. However, this strategy should be well-

evaluated since it could cause serious adverse effects.
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Direct delivery
Nasal pathway

Chemical
properties
modification

Circumventing
the BBB

Explotation of
BBB transport
pathways

Strategies for drug
delivery to CNS

Recetor ligans
for targeting
Tj modulation
functions Effluc pump
inhibition

Figure 3. Mechanism for drug delivery to CNS (modified from (14))

Modification of
the BBB

1.2.2 ALZHEIMER’S DISEASE

AD is named after a German physician, Alois Alzheimer. In the early 20™ century, Alois
Alzheimer, a doctor at the state asylum in Frankfurt, studied a patient; Auguste D. She
was a 51-year-old woman with symptoms of cognition and language deficits, auditory
hallucinations, delusions, paranoia and aggressive behaviour. After the death of the
patient 5 years later, Alois Alzheimer, in collaboration with Emil Kraepelin, carried out
the post-mortem examination of the brain and observed her brain exhibited
arteriosclerotic changes, senile plaques, and neurofibrillary tangles (16). They published
the observations and in 1910, Kraepelin coined the term ‘Alzheimer's disease’ — a term

still used to refer to the most common cause of senile dementia (17).
Pathogenic Mechanism of Alzheimer’s Disease

Amyloid beta hypothesis

The amyloid cascade hypothesis suggests that the Amyloid beta (AB) peptides are the
main event in AD pathogenesis thus triggering neurotoxicity and neurodegeneration
processes. It is well known that AB peptide is derived from proteolysis of APP, an integral
transmembrane protein which can be found in neurons and glial cells (3). In humans, APP
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is processed into smaller peptide fragments, one of which is Ap. This cleavage is carried

out by a, B, and y-secretase enzymes (Figure 4).

a-secretase oAPP

C83

APP

p-secretase

BAPP y-secretase A 340
C99 Al42

¢

monomers <€— Af}

N
oligoiners *

Amyloid
plaques

GSK3f3 tau
phosphorylated

Neuroﬁbrillar);j

tangles

tau

Synaptic loss )
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Figure 4. Amyloid B and tau hypothesis of Alzheimer’s disease.

Under physiological conditions, APP is catabolized by the o-secretase to produce a
soluble sAPPa fragment, which remains in the extracellular space, and a carboxy-terminal
83-amino acid (Cs3) fragment, which is anchored in the plasma membrane. sAPPa is
involved in the regulation of neuronal excitability, improving synaptic plasticity,
learning, and memory, and increasing neuronal resistance to oxidative and metabolic
stresses (18). As can be observed in Figure 4, in a neuropathological situation such as
Alzheimer’s disease, APP is first preferentially cleaved by pB-secretase 1 (BACE). BACE
processes APP producing SAPP and a 99-amino acid membrane-bound fraction (Cgg).
Afterwards, y-secretase processes the Cog fragment thus resulting on the generation of
AP1-40 Or AB1-s2 peptides, thought to be responsible for senile plaque formation. This
senile plaques would be responsible of AD pathology (3). In addition, excessive
extracellular Ap may also presumably lead to increased Tau phosphorylation and the

formation of neurofibrillary tangles (NFTSs) (3).
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Cholinergic hypothesis

Impairment in the cholinergic function is of critical importance in AD especially the brain
areas dealing with learning, memory, behaviour and emotional responses that include the
neocortex and the hippocampus. Brain atrophy is the most obvious clinical finding in AD
in which the levels of acetylcholine (ACh), a neurotransmitter responsible for the
conduction of electrical impulses between nerve cells, are decreased due to its rapid
hydrolysis by acetylcholinesterase (AChE) enzyme. According to amyloid hypothesis
AChE produces secondary non-cholinergic functions including promotion in Ap
deposition as senile plaques/neurofibrillary tangles in the brain of effected individuals
(19). In this hypothesis, deficiency of a critical brain neurotransmitter (NTs), ACh, was
observed either due to decreased production of NT or amplified AChE activity. This
decreased level of the NT causes impairment of the cholinergic neurotransmission leading
to the loss of intellectual abilities. This hypothesis generally implies that the cholinergic
augmentation will improve the cognition in AD (17).

Tau hypothesis

Tau proteins, abundantly in neurons of the CNS, stabilize the microtubules (17).
However, Tau protein can be altered and hyperphosphorilated. Eventually, this
hyperphosphorylated tau forms neurofibrillary tangles inside nerve cell bodies. The
formation of neurofibrillary tangles results in disintegration of microtubules, collapsing
the neuron’s transport system. This may lead to malfunctions in biochemical
communication between neurons and later results in the death of the cells. This is one of
the expected reasons for the deposition of the plaques in the brain (17).

Neuroinflammation hypothesis

Neuroinflammation is a blanket term used to describe immune response in
neurodegenerative diseases. It involves the activation of glial cells, especially microglia
and astrocytes. Under physiological conditions, microglial cells have a phagocytic
function. However, in AD, activated microglia secrete a large number of molecules. Such
substances, among which are proinflammatory cytokines, prostaglandins, reactive
oxygen species (ROS), and nitric oxide synthase (NOS), contribute to a chronic state of
perpetual stress. This vicious circle increases AP thus leading to more neuroinflammation

(Figure 5) causing neuronal death.
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Alzheimer’s disease treatment

Nowadays, there are only five drugs in the market for AD treatment, which are divided
in two different families: acetylcholinesterase inhibitors (AChEI) and N-methyl-D-
aspartic acid receptor (NMDAR) antagonists (Figure 6).

Alzheimer's disease

treatment
Cholinesterase inhibitors NMDA-receptor anatgonist
Donepezil Rivastigmine Galantamine Memantine
Aricept® Exelon® Razadyne® Namenda®
1996 2000 2001 2003

Figure 6. Drugs currently approved for Alzheimer’s disease.

Acetylcholinesterase inhibitors

It has been demonstrated that AcChE plays an important role in Af-aggregation during
the early stages of senile plague formation. The mechanism of action of these group is
based on the increasing of the cholinergic transmission trough the inhibition of the AchE
enzyme (hydrolyses acetylcholine) thus enhancing cholinergic transmission in the
synaptic cleft and therefore increasing the cognitive ability of patients with AD (19).
Tacrine was the first drug of this group used for AD but it’s hepatotoxic effect led to it’s
withdrawal from the market (19). Chemical modifications to decrease Tacrine adverse
effects were carried out leading to the currently approved drugs (donepezil, rivastigmine
and galantamine).
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Although these drugs are safer, they are also less efficient than the former. Therefore,
there has been a continuous research related with synthesis of more potent and highly
efficacious cholinesterase inhibitors by modifying the main template moieties of available

cholinesterase inhibitors for AD management (19).

NMDA receptor antagonists: Memantine

N -methyl- d -aspartate (NMDA\) receptor is essential for controlling synaptic plasticity
and stimulation (20). However, since overstimulation of the N -methyl- d -aspartate
(NMDA\) receptor by glutamate is implicated in neurodegenerative disorders, memantine
(MEM), an N-Methyl-D-aspartate receptor (NMDAR) moderate antagonist that reduces
excitotoxicity by blocking this inotropic receptor has been approved for AD (21). MEM
was approved as a therapeutic drug for moderate-to-severe AD by the European drug
Agency and by the USA Food and Drug Administration (EMA and FDA, respectively)
(22). Clinical evidence supports the efficacy of MEM on overall cognitive, functional,
behavioural and global outcomes and it has been shown that MEM slows down clinical

progression of AD over time (23).

MEM is a low-to-moderate affinity antagonist of NMDA receptors, therefore, it prevents
tonic activation of the N-methyl- D-aspartate (NMDA) subtype of glutamate receptors to
avoid calcium-induced excitotoxicity, thus contributing to the pathogenesis of AD (24),
(25). Acting as an NMDA receptor antagonist, MEM can block the excitotoxicity evoked
by the pathogenesis of AD and other neurodegenerative processes. However, NMDA
receptors are not only involved in the excitotoxicity of neurons but are also critical
glutamate receptors that mediate the learning and memory functions of the brain (24).
NMDA receptor is blocked in a voltage- dependent manner by Mg*2. In a physiological
situation, NMDA receptors are activated only following depolarization of the
postsynaptic membrane which physiologically follows AMPA receptor stimulation
relieving Mg*? blockade. During pathological activation, NMDA receptors are activated
by lower concentrations of glutamate but for much longer periods of time. The voltage-
dependency of Mg*? is so pronounced that it also leaves the NMDA channel upon
moderate depolarisation under pathological conditions (Figure 7). Producing a tonic
activation of the receptor by glutamate (25). MEM acts overlapping the site where
magnesium binds, therefore, it’s effects is exerted only when an excitation is produced
(26).
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Additionally, it has been suggested that MEM also acts as inhibitor of a novel translation
initiation mechanism, the internal ribosome entry site (IRES), blocking the expression of
APP and tau protein and thereby relieving the symptoms of AD (24). This mechanism
may be responsible for the reduction of AP production and tauopathies in AD patients.

(24).
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Figure 7. Mechanism of action of memantine in AD (from (27)).
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NSAIDs and Dexibuprofen: an alternative strategy for AD

However, it has been shown that none of the drugs approved by the FDA actually repre-
sents a cure for AD, since its effects are only palliative and its efficacy decrease with
time. Several studies confirm that the long-term treatment with non-steroidal anti-inflam-
matory drugs (NSAIDs) such as ibuprofen (IBU), reduce the risk of AD, delay disease
onset, ameliorate symptomatic severity, and slow cognitive decline (28, 29).

However, an important clinical limitation of ibuprofen, and in general of NSAIDs clinical
administration, are the gastrointestinal adverse effects. These adverse effects include gas-
tric irritation, toxicity and gastric ulcers.

These adverse effects can be partially reduced by the use of the active enantiomer, dexi-

buprofen (DXI), which is twice more potent than the former (30). DXI, the (S)-ibuprofen,
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has been assessed on a short-term treatment by Jin and co-workers (28) using animal
models of AD achieving successful results.

In clinical studies for inflammation associated with rheumatoid arthritis, this enantiomer
demonstrates to cause less side effects than the racemic mixture being a good candidate
to prevent AD. However, the typical secondary effects associated with NSAIDs (such as
gastric toxicity) still appeared in human trials and it’s probability increases with long-
term administration (30, 31, 32). In addition, due to the low water solubility of DXI, this
drug exhibits many in vivo limitations like incomplete release, poor bioavailability, food

interactions, and high inter-subject variability (33).
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1.3 OCULAR NEURODEGENERATIVE AND INFLAMMATORY
DISORDERS

1.3.1THE EYE

The eye is one of the smallest and most complex organs of the organism. It is a sphere of
2.5 cm of diameter and possesses a volume of 6.5 ml. Each ocular tissue has a different
structure that plays a necessary function in enabling visual perception. The eyes constitute
less than 0.05% of the total body weight, therefore each ocular tissue is compact and only
several cell layers thick. Furthermore, the eye is a part of the central nervous system and
possess some barriers in order to keep the systemic circulation separated from ocular
tissues (34).

Some authors divide the eye in three different layers. The corneoscleral coat (composed
by cornea and sclera), the uvea (composed of choroid, ciliary body and iris) and the neural
layer (retina) (35). The eye ends in an optic nerve, which transmits the electronic signals
that the retina had transformed. However, inside each layer there are several barriers and

structures (Figure 8).

The cornea is the first barrier of the eye and is associated with the tear film providing a
transparent protective structure. The tear film maintains a proper refractive index as well
as corneal smoothness, both indispensable for the vision. Furthermore, corneal
transparency is due to different factors such as avascularity, the regularity and smoothness
of the covering epithelium and the regular arrangement of the stroma components. In
addition, the cornea is mainly protected from autoimmunity by the lack of blood and
lymphatic vessels (36). The limited diffusion across this tissue and limited capacity of the
lacrimal lake result in a low bioavailability of 1-7% for the majority of the approved
drugs and much lower bioavailability for other compounds, including macromolecules
(34). Moreover, protective function of the cornea against pathogens involves different
components such as keratocytes, corneal fibroblasts, langerhans cells (dendritic cells) and
immunoglobulins (IgG and IgA). It has been demonstrated that injury or infections to the
cornea triggers an immune reaction which leads to recruitment of polymorphonuclear
cells, lymphocytes, and fibroblasts following the release of chemotactic factors such as
IL-8 and cationic antimicrobial protein of 37 kD from corneal epithelium (37). According

to some authors the cornea is composed of five layers (35, 38) whereas others such as
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Kanwar et al. (2011), divide it into 3 layers (epithelial, stromal and endothelial) and others
in 6 layers (37, 39). Here, six corneal layers would be explained since it help to a better
understanding of this eye structure. The corneal epithelium which contains multilayered
non keratinized epithelial cells with tight junctions preventing tears to enter in the
intercelullar space. In this layer, dendritic cells (antigen presenting cells, APCs) could be
founded, which combined with the avascularity are crucial factors for corneal grafting
due to the particular immunity. Bowman’s layer or anterior lamina is made by collagen
fibrils type | that maintain corneal shape and form a boundary between the stroma and
the epithelium. Corneal stroma or substantia propia, is made of keratinocytes
connected by gap junctions to the neighbor cells as well as fibroblasts, neural tissue and
Schwann cells. The stroma account for the 95% of corneal thickness and is comprised
mainly by collagen | fibrils which provide mechanical strength to this structure. Limiting
with the stroma the Dua’s layer could be found. This part of the cornea is an acellular
membrane which physiological role remains yet to be studied. Posterior limiting lamina
or descemet’s membrane is an amorphous membrane situated after Dua’s layer. The
corneal endothelium separates the cornea from the aqueous filled anterior chamber and
has limited permability to ion flux being thus necessary to maintain osmotic pressure (35,
38).

The border between the cornea and the sclera is the limbus (35). It is highly vascularized
and possess a reservoir of pluripotent stem cells (39). It finishes in the sclera, an opaque
avascular tissue of viscoelastic nature composed by fibroblasts, which segregates a
collagen matrix. The sclera has three layers: lamina fusca, stroma and episclera (35). This
opaque tissue also possess a barrier to diffusion of molecule being the permeability

descending as molecular weight of the molecule increases (34).

The conjunctiva is a thin highly vascularized mucosing secreting tissue and is reflected
into the eye as a thin transparent tissue on the sclera and extends up to the limbus. It

provides elasticity and facilitates motion of the eye balls and lids (39).

The uveal tract_it’s an eye structure consisting on the iris, ciliary body and choroid. The
iris is surrounded by the aqueous humor and separates the anterior and posterior
chambers. It has a rich blood supply and extensive anastomoses with veins draining to
the ciliary body. Iris capillaries are less permeable to a variety of solutes than normal
somatic vessels being essential for the blood ocular barrier. It is comprised of three layers
(endothelium, stroma and epithelium) and has an aperture in front of the lens called the
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pupil, which helps to regulate the amount of light passing through the retina. The ciliary
body secretes the aqueous humor and the blood supply is received from the ciliary
arteries. It is located anterior to the iris and involved in three different functions: secretion
of aqueous humor, adjustment to lens focus and drainage of aqueous humor from the eye.
The choroid is a vascular pigmented connective tissue focused on nourishing retinal
layers (35, 39).

The crystalline lens are transparent, avascular and biconvex covered in the anterior part
by aqueous humor and of vitreous humor on the posterior part. They control metabolic
subtracts exchange and waste as well as light entry into the eye and its refraction. While
the lens blocks the most ultraviolet light in the wavelength range from 300 to 400 nm, the
cornea blocks shorter wavelengths. The lens consist on four different parts: the capsule,
epithelium, cortex and nucleus. The capsule is an strong elastic membrane which
encapsulate the lens and provides structural support. Capsule membrane utility is to avoid
direct contact between the lens and the surrounding ocular tissues and fluids and provide
a barrier for microbial attack as well as be a reservoir for growth factors, Growth factors
release made differentiation of lens cells. Below the capsule, the epithelium can be found.
The epithelium is a monolayer only present on the anterior part of the lens. Next to the
lens epithelium is present the cortex which contains a high amount of water. It also
contains tightly packed fibers. The core of the lens is formed by deposition of old cells

and is the denser part of the cells.

The retina is the inner layer of the eye and converts images to neural impulses transmitted
to the brain trough the optic nerve. It constitutes itself a barrier to molecules being the
diffusion of a compound with a molecular weight of larger than 76 kDa is severely limited
(34). The retina is organized into layers with the photoreceptors in the outermost layer,
interneurons in the middle, and the retinal ganglion cells in the innermost layer (34). The
retinal pigment epithelium (RPE) is formed by cells that maintain retina as well as
photoreceptor's cells health. The RPE is responsible for forming the blood-retina-barrier
(BRB), which sequesters retinal antigens and keeps the systemic immune system from
entering the retinal space (36). In this layer is where the visual cells (cons and rods) are
located. The cons are the photoreceptors and present a single cell layer situated on the
outer retinal part. It continuous trough bipolar cells (connective neurons) until retinal
ganglion cells (RGCs) originating the ganglion cells layer continuing as a long axon to
the optic nerve (38). The BRB separates the neurosensory retina from the systemic
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circulation and is subdivided into the inner and outer barriers (Figure 8). The inner blood—
retinal barrier possesses the retinal vasculature, which supplies the inner retina, and is
composed of the tight junctions between the endothelium of the retinal vasculature. The
outer blood-retinal barrier is comprised of RPE, which lies between the photoreceptors

and the choriocapillaries (34).
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Figure 8. Eye barriers (from (40))

The optic nerve marks the beginning of the short canal through which leaves the eyeball
to be enveloped by the meninges. It is a fiber-tract within the central nervous system

which carries the vascular system for the inner retinal layers, the central retinal artery and

vein (38).

The eye is also divided in two different chambers: anterior chamber (behind the cornea

and in front of the iris and lens), which contains the aqueous humor, posterior chamber
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(behind the iris and in front of the lens) and vitreous humor (between the lens and the
retina). The aqueous humor is continuously formed from the plasma by the epithelial
cells of the ciliary body being transparent and slightly alkaline. It contains less protein,
albumin and y-globulins than plasma but it has glucose, lactic acid, ascorbic acid and
immunoglobulin G. This chamber provides oxygen to the cornea and lens and removes
it’s waste products (39). The posterior chamber is filled with a transparent gel-like fluid
which covers the space between lens and retina called vitreous humor. It is composed
mainly of water and the minority part of the gel is formed by hyaluronic acid, collagen
fibronectin, fibrillin and opticin. Although the vitreous is essentially acellular, there are
some hyalocytes which possess the immunophenotipic characteristics of bone marrow-

derived macrophages (35).

1.3.2 OCULAR NEURODEGENERATIVE DISEASES: GLAUCOMA

Glaucoma is a multi-factorial neurodegenerative disease and is the second leading cause
of blindness worldwide (41). The outcome of glaucoma is neuroretinal damage which,
when mediated by the amino acid glutamate, is accompanied by a prominent
inflammatory response. Remarkably, however, the retinal response to glutamate damage
appears to be one of enhanced neuroprotection mediated by recruitment of myeloid-
derived suppressor cells (MDSCs) (42). Although the exact mechanism of glaucoma
pathology is debatable the disease induces damage to optic nerve axons thus resulting in
progressive loss of retinal ganglion cells (RGCs) (43, 44). Elevated intraocular pressure
presently remains the only clinically modifiable risk factor for glaucoma and, therefore,
traditional therapeutic strategies seek to reduce elevated intraocular pressure (IOP).
However, it is recognized that IOP modulation alone is not enough for the treatment of
glaucoma due to a growing recognition that patients with well-controlled 10P can
continue to suffer vision loss (45). This observation, coupled with results suggesting that
some existing 10P modulating agents such as bromoimide can elicit neuroprotective
effects in RGCs over and above their IOP modulatory effects, (46) reason the use of
neuroprotective therapies for the treatment of glaucoma (47). In addition, an increasing
number of studies have reported similarities between the mechanisms of cell death in
glaucoma and AD because they both can be characterized by dysregulation of
neurotrophic growth factors, caspase activation, and glutamate excitotoxicity (3).
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Moreover, evidence is emerging to suggest that both conditions can be managed via
NMDAR antagonists such as MEM (48).

Memantine in glaucoma treatment

MEM is a neuroprotective agent approved for the treatment of AD that acts by inhibiting
NMDA induced glutamate excitotoxicity that may also play a role in RGC death in
glaucoma (45). Although preclinical data previously suggested a potential clinical benefit
of orally administered MEM for the treatment of glaucoma (49), the efficacy of this
administration route is limited as recently demonstrated in failing to meet its primary

endpoint in a phase Il clinical trial (50,51).

MEM acts on the excessive NMDA receptor activity without disrupting normal activity
through its action with the intracellular Mg?" blocking site as a low-affinity,
uncompetitive open-channel blocker with a relatively rapid off-rate (52). Recent assays
developed with monkeys fed with MEM showed no 10P improvement caused by the drug
(53). However, MEM demonstrated to increase RGCs survival (54).

Since 2001, MEM has undergone several preclinical and clinical trial for glaucoma (55,
56). The majority of the preclinical studies showed drug efficacy after glaucoma induction
in different animal models creating robust evidence of the excitotoxicity involvement on
glaucoma disease (57),(58),(45) However, human clinical trials with the drug failed and
to date, several hypotheses have been proposed to explain the reasons for the MEM failure
in clinical trials. One of the most accepted is that the endpoints of the study were not
clear enough and it could be possible that with better parameters definition the drug would

achieved statistical significance (50).

1.3.3 OCULAR INFLAMMATORY DISEASES

Inflammation is the manifestation of vascular and cellular response of the host tissue to
an injury. Injury to the tissue may be inflicted by physical or chemical agents, invasion
of pathogens, ischemia, and excessive (hypersensitivity) or inappropriate (autoimmunity)
operation of immune mechanisms. Inflammation facilitates the immune response and the
subsequent removal of antigenic material and damaged tissue. As soon as the injury is
recognized, the mechanisms to localize and clear foreign substances and damaged tissues

are initiated. Further the response is amplified by activation of inflammatory cells and
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production of chemical mediators like acidic lipids e.g. prostaglandins (PGs),
thromboxane’s, leukotrienes; vasoactive amines and cytokines. Acidic lipids are
produced in the arachidonic cascade. Arachidonic acid is released from the phospholipid
component of the cell membrane by the action of phospholipase A2. The arachidonic acid
produced enters either the cyclooxygenase or lipoxygenase pathway. Activation of
cyclooxygenase pathway results in formation of PGs and thromboxanes, while the
lipoxygenase pathway yields eicosanoids (hydroxyeicosatetraenoic acid and
leukotrienes). Ocular actions of PGs are manifested in three ways (59).

Firstly, they act the IOP. PGE1 and E2 increase the IOP by local vasodilation and
increased permeability of blood aqueous barrier. On the other hand PGF2 lowers the 10OP
which is attributed to increased uveoscleral outflow. Secondly, they act on iris smooth
muscle to cause miosis. Thirdly, PGs cause vasodilation and increase the vascular
permeability resulting in increased aqueous humour protein concentration.
Corticosteroids, the potent anti-inflammatory agents elicit their action by blocking the
enzyme phospholipase A2 to inhibit arachidonic acid production, thereby preventing the
synthesis of all the PGs, thromboxanes and eicosanoids. On the other hand non-steroidal
anti-inflammatory drugs (NSAIDs) exert their anti-inflammatory action by inhibiting the

enzymes cyclooxygenase (COX 1 and COX2) (59).

Dexibuprofen in corneal inflammation

Inflammation is a non-specific response of the body against injuries from the external
environment, acting as a defense mechanism to isolate and destroy the triggering agent,
as well as to repair the damaged tissues. Ocular inflammation is one of the most prevalent
diseases in ophthalmology. It can affect any part of the eye or the surrounding tissues.
Corticosteroids are commonly used as anti-inflammatory drugs in the treatment of ocular
inflammation but they induce serious adverse effects when administered continuously
(60). The main alternatives to corticosteroids in the treatment of inflammation are
NSAIDs (61). In the field of ophthalmology, Ibuprofen (IBU) has been receiving
particular attention in recent years due to its anti-inflammatory activity although it

possesses an elevated number of adverse effects that limit its use (30).

Drugs administered onto the ocular mucosa are known to suffer absorption via
conjunctiva and nasolacrimal duct, easily reaching the systemic circulation (62, 63).

Drugs, such as ibuprofen (IBU), may induce adverse side effects that can be minimized
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by the use of the active enantiomer — dexibuprofen (DXI), which is twice more potent

and has less side effects than IBU (31). Gastric and epigastric pain, nausea and vomiting
have been the most frequent side effects reported in randomized clinical trials in patients
treated with DXI. Effects of this drug in the central nervous system (CNS) were less
common than the use of racemic IBU (32). The racemic mixture was also responsible for
a higher gastric toxicity than the S(+) isomer (31). Moreover, the safety, tolerability and
equivalent efficacy between DXI and the double dose of IBU was confirmed by
comparing the oral uptake of both drugs for osteoarthritis treatment in a clinical study
(32, 64).

1.3.4 THE EYE AS A WINDOW TO THE BRAIN: GLAUCOMA AND AD

Several well-defined neurodegenerative conditions that affect the brain and spinal cord
have manifestations in the eye, and ocular symptoms often precede conventional
diagnosis of such CNS disorders. Furthermore, various eye-specific pathologies share
characteristics of other CNS pathologies (65). Beyond the fact that major brain diseases
manifest within the eye, several diseases that are unique to the eye display characteristics
of neurodegenerative disorders. Such overlap is probably explained by the similarities
between the eye and the brain in terms of tissue structure and interactions with the

immune system (65).

The eye is also surrounded by an array of blood—ocular barriers that share structures,
characteristics and mechanisms with the CNS gating system. For example, the inner BRB
is composed of non-fenestrated endothelial cells that are firmly connected by tight
junctions and surrounded by astroglial and Miller cell endfeets, and thus strongly
resembles the BBB. The anterior chamber of the eye is filled with aqueous humor, a fluid
enriched with anti-inflammatory and immunoregulatory mediators that is reminiscent of
the cerebrospinal fluid circulating around brain and spinal cord parenchyma’s (65). The
light that enters the eye is captured by photo-receptor cells in the outermost layer of the
retina, which initiates a cascade of neuronal signals that eventually reach the RGCs, the
axons of which form the optic nerve. These axons extend to the lateral geniculate nucleus
in the thalamus and the superior colliculus in the midbrain, from which information is

further relayed to the higher visual processing centers that enable us to perceive images.
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Despite their diverse morphology (65). RGCs display the typical properties of CNS
neurons, and generally comprise a cell body, dendrites and an axon.

The axons of many RGCs are collected to form the optic nerve. Like insult to other CNS
axons, insult to the optic nerve results in retrograde and anterograde degeneration of the
severed axons, scar formation, myelin destruction, and the creation of a neurotoxic
environment that involves oxidative stress, deprivation of neurotrophic factors,
excitotoxic levels of NTs, and abnormal aggregation of proteins and debris. Such a hostile
milieu often results in death of neighboring neurons that were spared in the initial damage
a phenomenon that is termed secondary degeneration (65).

These two organs share functional building blocks in the form of neurons and axons, as
well as common degenerative and regenerative processes, and unique mechanisms of
crosstalk with the immune system (65). Pathological accumulation of amyloid-p (AB) and
phosphorylated tau (p-tau)—the classic manifestations of AD in the brain—has also been
reported in the eyes of patients with AD and in the eyes of transgenic mouse models of
this disease of the CNS. AP and p-tau, the major pathological features of AD, have also
been detected in patients with glaucoma, and are thought to have a role in neuronal death
and progression of vision loss in this disease (65). It has also been found epidemiological
support for RGC atrophy in AD. Compared with healthy individuals, patients with AD

displayed narrowing of retinal veins, reduced retinal blood flow and RGC numbers (65).

In addition, nowadays the understanding of AD has been expanded to include extracere-
bral manifestations such as ocular processes. Some studies investigating retinal changes
in AD animal models have shown that AD double-transgenic mice possess altered pro-
cessing of APP and accumulation of A peptides in neurons of retinal ganglion cell layer
(RGCL). Moreover, apoptotic cells were also detected in the RGCL. This processes are
correlated correlated with local inflammation, retinal ganglion cell degeneration, and
functional deficit (66). Intraocular pressure is slightly elevated but no significant differ-
ences have been found yet (67). Therefore, mice models of AD show evidence of molec-
ular, functional and morphological degenerative changes in the retina. Thus, the patho-
physiological changes of retinas in AD patients are possibly resembled by AD transgenic

models thus showing the strong connection between the two diseases (68).
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Given the various associations and similarities between the eye and the brain, to test
whether therapies that are beneficial in brain disorders could alleviate diseases of the eye
(and viceversa) is tempting. Indeed, approaches that reduce AP load and improve
cognitive performance in models of AD and, to some extent, patients, have proved

successful in decreasing visual deficits and reducing RGC loss in mouse models (65).
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1.4 POLYMERIC NANOPARTICLES AS DRUG DELIVERY SYS-
TEMS

Drug delivery systems represent an interesting approach in order to increase the
therapeutic efficacy of the drugs. In addition, these systems would provide an advantage
over traditional strategies for long-term treatments since the therapeutic posology of the
patients would be more spaciated due to the prolonged drug released achieved. Since the
drug would be released slowly and focussed on the target site, drug delivery systems
would decrease drug side effects. These systems could improve the transport across the
BBB and BRB as well as increase the mucoadhesion on the topically administered drugs.
There are several types of drug delivery systems such as liposomes, lipid nanoparticles
(NPs) or polymeric NPs.

Among all, biodegradable NPs constitute one of the most studied drug delivery systems.
These colloidal systems, with a particles size ranged between 10 and 1000 nm, are able
to increase drug bioavailability and reducing its toxicity. In these group, polymeric NPs
are nanostructured systems formed by natural or synthetic polymer chains with a matrix
or vesicular structure (Figure 9). Nanosphere systems composed of a matrix structure
where the drug can be adsorbed, entrapped or solved into the polymeric matrix.
Nanocapsules are vesicular systems made of a polymeric membrane which contains an
inner liquid core. The drug can be either solved into the core of the nanocapsule or

adsorbed on the surface.

Membrane

Drug
particles

Figure 9. Polymeric biodegradable nanoparticles a) nanocapsules vs b) nanospheres,

figure from (69).
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Among these two types of polymeric biodegradable NPs, nanospheres have been
considered as an important drug release system allowing a controlled drug release and
increasing it’s bioavailability on the target site. Among all the polymers, nanosystems
formed by a polymeric matrix of poly-(D,L)-lactic-co-glycolic acid (PLGA) are approved
by the European and American drug agencies (EMA and FDA, respectively) and have
been widely used as a biomaterial in medical prostheses and surgical sutures (70). More
recently, PLGA has been used in the development of colloidal carriers for controlled
release of drugs, due to its biocompatibility, biodegradability and non-toxicity (71).
Furthermore, compared to natural polymers, these synthetic polymers demonstrate higher
reproducibility, are easily formulated and allow the control and prediction of the
degradation Kkinetics (72). These polymers possess several advantages such as
biocompatibility, biodegradability and non-toxicity, which constitutes an ideal carrier for
long-term administration treatments. Additionally, polyethylene glycol (PEG) chains
surrounded the NPs in order to increase it’s mucoadhesivity and transport across the BBB
(73). In this way, biodegradable NPs could constitute a suitable alternative as drug

delivery systems for AD (2).

On the other hand, for ocular drug delivery purposes, polymeric NPs would protect the
drug from inactivation by the enzymes present in the tear film or corneal epithelium, to
facilitate its transcorneal penetration prolonging its stay in the precorneal area, and to
avoid undesired adverse effects, polymeric NPs have been proposed (74). Among other,
strategies, PEG-coating on PLGA NPs offer several advantages. These are firstly
attributed to the enhanced contact time of the particles with the corneal surface by the
interaction with the mucin. NPs interact with the mucus layer of the tear film either by
electrostatic, hydrophobic and hydrogen bonding, or by their physical retention in the
mucin network (75). Griffiths et al. (75) demonstrated that such retention in the mucin
network is dependent on the hydrophobic surface of the particles, which could be
overcome by coating them with PEG. On the other hand, the hydrophobic entrapment
could be minimized as long as the nanoparticles were adequately surfaced with such
hydrophilic PEG layers and depicted negative electrical charge (75). Therefore, the
accumulation of the NPs in the conjunctival sac, as well as, the ability of the particles to
penetrate in the first layers of the corneal epithelium contribute to enhance drugs’
bioavailability (76). In addition, PEGylation contributes to maintain the particles in

circulation for a longer time, thus avoiding their recognition by the reticuloendothelial
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system (RES) (77).

Pharmacological agents delivery is compromised by the eye structures, which act a barrier
such as the corneal epithelium and endothelium, the sclerocorneal parenchyma, the inner
and outer blood-retinal barriers, and the retinal inner limiting membrane. Lipophilic
drugs penetrate trough transcellular route whereas hydrophilic drugs pass through the
paracellular route. The endothelium is a membrane one cell layer with large intracellular
junctions that offers no permeation resistance toward hydrophilic drugs but may offer
some resistance toward lipophilic drugs. Conjunctiva is slightly more permeable than the
sclera and the sclera is approximately more permeable than the cornea. The choroidal
vasculature contributes to drug clearance from the eye and, thus, constitutes another bar-
rier to overcome during drug permeation from the eye surface to the retina and vitreous.
Although systematically administered drugs can reach the choroid membrane, drug de-
livery into the retina or the vitreous body is difficult to achieve through conventional
methods because of the presence of the blood aqueous barrier and the inner and outer
BRB in those structures. Direct intravitreal injection of drugs into the vitreous cavity is
employed to achieve higher drug concentrations in the vitreous and the retina. However,
repeated injections are required to maintain drug concentrations at an effective therapeu-
tic level over a certain period of time because the half-life of drugs in the vitreous is

relatively short (78).

Ophthalmic delivery of normal molecules is considered to be difficult due to different
factors:
a) the large size of some macromolecules limits diffusion and renders topical thera-
pies highly inefficient
b) eye tissue barriers, such as the BRB, limit the penetration of applied pharma-
cotherapies to the target site
c) The small size of the eye and presence of many distinct tissues makes targeting

necessary.

In general, only ~1-5% of an applied drug is absorbed into the eye, and most of that,
typically, is absorbed into the anterior segment. Adequate therapy with eyedrops requires
either the provision of a sufficient peak magnitude so that the effect extend for a useful
period of time or more frequent applications of a lower dose. An optimal formulation of
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topical ocular agents is very important from the point of view of comfort, safety, and
ocular bioavailability, requiring optimization of pH, osmolality, solubility, stability, and,
for most multidose formulations, preservative effectiveness. For this reason, ophthalmic
drug delivery technology must evolve alongside the significant market growth of

biopharmaceutical therapies (76, 77).

1.4.1 NANOPARTICLE PREPARATION METHODS

Numerous methods available for producing nanoparticles have been developed on the last
years. Depending on the physicochemical characteristics of a drug, it is now possible to
choose the best method of preparation and the best polymer to achieve an efficient en-
trapment of the drug (81). NPs preparation methods can be classified into two main cate-
gories according to whether the formulation requires a polymerization reaction or is
achieved directly from a macromolecule or preformed polymer. In this case, this work

will focus on preparation methods with preformed polymers (Figure 10).
Emulsification/solvent evaporation

This preparation method consists of a first step where the polymer solution previously
solved in an organic solvent is emulsified using high-energy homogenization into an
aqueous phase and a second step based the solvent evaporation and induction of the pol-
ymer precipitation as nanospheres. NPs size can be modified adjusting the stirring rate,
the dispersing agent, the temperature and the viscosity and type of organic solvent. The
main disadvantage of this method is that it can only be applied to liposoluble drugs (81).

Solvent displacement and interfacial deposition

These methods are based on spontaneous emulsification of the organic internal phase

containing the dissolved polymer into the aqueous external phase (81).

- Solvent displacement involves the precipitation of a preformed polymer from an or-
ganic solution and the diffusion of the organic solvent in the aqueous medium in the
presence or absence of a surfactant. It can form nanospheres or nanocapsules. Polymer
deposition on the interface between the water and the organic solvent, caused by fast
diffusion of the solvent, leads to the instantaneous formation of a colloidal suspension
(81).
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- Interfacial deposition:_in this method, the polymer deposits on the interface between
the disperse oil droplets and the aqueous phase, forming nanocapsules. An agqueous
solution is used as the dispersing medium. This mixture is injected slowly into a
stirred aqueous medium, resulting in the deposition of the polymer in the form of

nanoparticles (81).
Emulsification/solvent diffusion

This method was proposed in the literature based on the use of organic solvents, and then
it was adapted to the following salting-out procedure. The encapsulating polymer is dis-
solved in a partially water-soluble solvent such as propylene carbonate and saturated with
water to ensure the initial thermodynamic equilibrium of both liquids. In fact, to produce
the precipitation of the polymer and the consequent formation of nanoparticles, it is nec-
essary to promote the diffusion of the solvent of the dispersed phase by dilution with an
excess of water when the organic solvent is partly miscible with water or with another
organic solvent in the opposite case. Subsequently, the polymer-water saturated solvent
phase is emulsified in an aqueous solution containing stabilizer, leading to solvent diffu-
sion to the external phase and the formation of nanospheres or nanocapsules, according
to the oil-to-polymer ratio. Finally, the solvent is removed by evaporation according to
its boiling point (81).

Salting-out

This method is based on the separation of a water-miscible solvent from aqueous solution
via a salting-out effect. The salting-out procedure can be considered as a modification of
the emulsification/solvent diffusion. Polymer and drug are initially dissolved in a solvent
such as acetone, which is subsequently emulsified into an aqueous gel containing the
salting-out agent and a colloid. This oil/water emulsion is diluted with a sufficient volume
of water or aqueous solution to enhance the diffusion of acetone into the aqueous phase,
thus inducing the formation of nanospheres. Both the solvent and the salting-out agent
are then eliminated by cross-flow filtration. Salting out does not require an increase of
temperature and, therefore, may be useful when heat-sensitive substances have to be pro-
cessed. The greatest disadvantages are exclusive application to lipophilic drugs and the

extensive nanoparticle washing steps (81).
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Figure 10. Preparation methods of polymeric nanoparticles (Modified from (82))

1.4.2 NANOPARTICLES FOR BRAIN DRUG DELIVERY

An ideal nanocarrier for brain drug delivery is one which delivers the drug efficiently
cross the BBB with selective targeting and protects the drug from enzymatic degradation.
Furthermore, a good carrier should achieve long circulation time, prevent efflux transport,
possess low immunogenicity and good biocompatibility and bioavailability (8). In this
sense, polymeric NPs demonstrated to be a useful vehicle to enhance drug delivery into
the brain by increasing the transport across the BBB (83). However, it is still unclear the
mechanism of transport of these NPs across the barrier and it is hypothesized that some

of the following possibilities can be involved (8):

- An increased retention of the nanoparticles in the brain blood capillaries combined
with an adsorption to the capillary walls could create a higher concentration gradient
that would enhance the transport of drug across the endothelial cell layer and as a
result its delivery to the brain.

- A general surfactant effect characterized by the solubilization of endothelial cell
membrane lipids that would lead to membrane fluidisation and enhanced drug perme-
ability through the BBB.
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- The nanoparticles could lead to an opening of the tight junctions between the endo-
thelial cells. The drug could then permeate through the tight junctions either in free
form or together with the nanoparticles in bound form.

- The nanoparticles may be endocytosed by the endothelial cells followed by the release
of the drug within these cells and its delivery to the brain.

- The nanoparticles with bound drugs could be trans- cytosed through the endothelial

cell layer.

- The Polysorbate-80 used as the coating agent could inhibit the efflux system, espe-

cially P-glycoprotein (Pgp)

The uptake of nanoparticles is dependent on their physicochemical characteristics such
as size and surface charge. Mean nanoparticles size is determinant due to the fact that is
particles smaller than 200 nm are internalized by clarithrin mediated endocytosis whereas
larger particles undergo caveolae-mediated transport. Recent investigations report that
small nanoparticles tend to accumulate in brain tissue in a higher concentration than na-
noparticles larger than 200 nm (8). Surface charge of the nanoparticles is also a crucial
issue since cationic nanoparticles undergo adsorptive-mediated endocytosis favoring their
transport but they are rapidly opsonized and cleared from the circulation by the RES (8).
However, it has been shown that NPs with high positive ZP lead to BBB toxicity. There-
fore, due to safety reasons, the majority of the formulations for brain delivery possess

negative surface charge (84).

As can be observed in Table 2, for the purpose of developing polymeric nanoparticles
three types of materials are being predominantly used: poly(alky cyanoacrylates) such as
poly(butyl cyanoacrylate) (PBCA) which is the fastest degrading material, poly(lactic
acid) (PLA) or its copolymer poly(lactide-co-glycolide) (PLGA), and human serum albu-
min (HSA) (85). In addition, PEGylation leads to the so-called stealth effect that is char-
acterized by a significant reduction in liver uptake and increase in blood circulation time

and distribution into other organs and tissues (85).
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1.4.3 NANOPARTICLES FOR OCULAR DRUG DELIVERY

A colloidal carrier system may be applied in liquid form like eye-drop solutions or other
administration form such as implants or intravitreal administration. In the case of eye-
drops, upon their interaction with the glycoproteins of the cornea and conjunctiva can
form a precorneal depot resulting in prolonged release of the drug. In addition, nanotech-
nology-based drug delivery is also very efficient in crossing membrane barriers, such as
the BRB in the eye. Drug delivery based on nanotechnology can function as excellent
systems for chronic ocular diseases requiring frequent drug administration or for drugs
which are unable to be retained on the eye due to their physicochemical characteristics
(63). In these sense, several authors develop different types of polymeric nanoparticles
using biodegradable polymers such as PLGA, PLGA-PEG, Eudragit or gelatin in order
to encapsulate a wide variety of drugs either hydrophilic or hydrophobic (Table 3).
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Polymer and
surfactant

BSA with
Cyclodextrin

Tacrine

Table 2. Polymeric nanoparticles for brain drug delivery (modified from (85))

Preparation method

Coacervation

Average size
(nm)

1774 £18.0

Zeta
potential

(mV)
-10.0+0.9

Entrapment

efficiency (%)

88+9

Model to assess
therapeutic efficacy

Administration

route

Intranasal

Chitosan with Tacrine Spontaneous 41.0+£7.0 34715 134+0.2 Biodistribution in Wistar Intravenous (87)
P80 emulsification rats
PLGA with Donepezil Double emulsion Ranged from  Ranged from Ranged from APBi-a0 and ABi_s; fibrils, - (88)
PEG w/o/w 174+120to0  -20.5t0-11 52.5t060.5 PCR, ELISA and
240 + 16 immunostaining
PLGA with P80 Donepezil Solvent-emulsification 89.7+6.4 -36.0+1.1 88.7+25 Biodistribution in Wistar Intravenous (89)
diffusion method rats
Chitosan Donepezil lonic crosslinking Ranged from - Ranged from Biodistribution and safety Intranasal (90)
150 to 200 92 to 96 on Sprague—Dawley rats
PLGA with P80 Rivastigmine Modified 135.6 +4.2 236+12 745+0.7 Scopolamine-induced Intravenous (91)
and P188 tartrate nanoprecipitation amnesic mice
PBCA Rivastigmine Emulsion 146.8 + 2.7 -13.9+0.6 57.3+0.9 Scopolamine-induced Intravenous (91)
tartrate polymerization amnesic mice
Chitosan Rivastigmine lonic gelation 164.4+5.0 453+6.2 73.6+3.3 Biodistribution in Wistar Intranasal (92)
hydrochloride rats
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Chitosan with P80 Rivastigmine Spontaneous emulsion 455+ 351+ 85331 Biodistribution in mice Intravenous  (93)
tartarate 1.3 15

PLGA with P80 Galantamine Nanoemulsion templating 215+ -11.2 98 In vitro AcCE inhibition - (94)
0.3 0.9

Chitosan with P80 Galantamine lonic gelation 190.0 £ 316+ 23.34 Biodistribution in rats Intranasal (95)
1.2 9.8

PBCA with P80 Nerve growth lonic polymerization 250 + 30 - 23.34 scopolamine-induced Intravenous  (96)

factor amnesia in rats

PLA with PEG NAP- peptide B6 Solvent-emulsion diffusion 118.3 % -227+ 51.2+35 AP injection in mice Intravenous  (97)
7.8 0.9

PLGA and trimethyl Coenzyme Q10 Nanoprecipitacion 146.7 £ 21+£29 99.9 APP/PS1 transgenic mice Intravenous  (98)

chitosan 51

PLGA with an Curcumin Solvent-emulsion diffusion 168 - - In vitro uptake studies - (99)

aptamer

PLGA Tarenflurbil Solvent-emulsion diffusion 169.87 -30.0 64.11 + - Intranasal  (100)

2.21
PLGA with PVA Quercetin Double emulsion-solvent 100-150 - - APP/PS1 mice Intravenous  (101)

evaporation

34




Introduction

Table 3. Polymeric nanoparticles for glaucoma and ocular inflammation

Polymer and surfactant Preparation Average Zeta Entrapment Ocular Animal  Administration
method size (nm) potential efficiency disease model route
(mV) (%)

Gelatin (collagen) with Pilocarpine Desolvation Ranged Ranged from -  Ranged from High IOP - - (102)
cyclodextrin technique from 425 8.410-4.7 44 to 54

to 312
Gelatin (collagen) with Hydrocortisone Desolvation Ranged Ranged Ranged from High IOP - - (102)
cyclodextrin technique from 154 from -6.1 35t0 45

to 224 to-12.5
Poly-g-caprolactone Flurbiprofen Solvent 188.4+1.3 -16.4+0.1 85.5+1.4 Cornel Pig Eye-drops (103)

emulsion- inflammation (104)
diffusion
Methyl-methacrylate and ~ Methylprednisolo- quasiemulsion - - - Uveitis Rabbits Eye-drops (105)
chlorotrimethyl— ne acetate solvent diffusion
ammonioethyl tech-
methacrylate)
Polybutylcyanoacrylate Progesterone Emulsion- - - 98.8+0.8 - Albino Eye-drops (106)
polymeritzation rabbits

Chitosan Dorzolamide lonic gelation 300£5 - - Glaucoma - Eye-drops (107)
Chitosan (CS)-sodium Gatifloxacin Coacervation 347.0 +38.6 79.63 Bacterial - Eye-drops (108)
alginate (ALG) infections
Eudragit RS100 and Cloricromene Quasi-emulsion Ranged Ranged - uveitis - Eye-drops (109)
RL100 and Ttween80 solvent diffusion  from 154.3 from

to 48.7 +27.6 to

+8.2
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PLGA-PEG with POD Flurbiprofen Solvent 2199+12 302+ 70.3+5.6 Ocular Albino rabbit Eye-drop (110)
peptide displacement 14 inflammation

PLGA Pranoprofen Solvent 350 -7.4 80.0 Ocular Albino rabbit Eye-drop (111)
displacement inflammation

PLGA Carprofen Solvent 18950+ 2280+ 74.70+0.95 Ocular Albino rabbit Eye-drop (112)
displacement 1.67 0.66 inflammation

PLGA Aleanolic and Solvent <225 - 27 77 Ocular Albino rabbit Eye-drop (113)
ursolic acid displacement inflammation

PLGA-PEG and Melatonin Solvent 400 - 82 78.20 £ 2.93 Glaucoma Albino rabbit Eye-drop (114)

Tween80®

displacement
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2. OBJECTIVES

The aim of this research is the development and characterisation of biodegradable
polymeric NPs able to cross the BBB and the BRB in order to efficiently deliver the drug
for the treatment of AD and glaucoma, respectively. Since these systems could be also
applicable for corneal inflammatory diseases, a secondary objective would be the

development of these NPs for corneal inflammation treatment.
The specific objectives of the study are the following ones:

- Development of PEGylated biodegradable NPs encapsulating the drug
Memantine and Dexibuprofen separately by double emulsion and solvent-

displacement technique, respectively.

- Characterize the physicochemical properties of these formulations in terms of
size, polydispersity index, surface charge, encapsulation efficiency and stability

at different temperatures.

- Obtain a sustained drug release increasing, at the ocular level, the permeation rate

against the free drug.

- Obtain solid evidence trough in vitro and in vivo studies that the developed system
were non-cytotoxic, non-irritating after topical administration and were able to
cross the BBB.

- Invivo studies with New Zealand rabbits to prove that DXI loaded PLGA-PEG

NPs were suitable for ocular inflammation treatment

- Demonstrate that MEM-PLGA-PEG NPs were effective for glaucoma in an in

vivo rat glaucoma model.

- Obtain solid evidence that both DXI and MEM PLGA-PEG NPs were suitable for
AD treatment after oral administration with a double transgenic model of AD.
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3. RESULTS

The results obtained through the different analyzes carried out in the present research allowed to
generate four scientific publications, in the form of articles. Two of them are published and the

other two are under revision.

3.1 Memantine loaded PLGA PEGylated Nanoparticles for Alzheimer’s disease: in vitro & in

vivo characterization, Journal of Nanobiotechnology, submitted (Impact factor: 4.946)

3.2 New potential strategies for Alzheimer's disease prevention: pegylated biodegradable dexi-
buprofen nanospheres administration to APPswe/PS1dE9, Nanomedicine: Nanotechnology, Bi-
ology and medicine, 3 (2017) 1171-1182. Doi: 10.1016/j.nan0.2016.12.003 (Impact factor:
5.720)

3.3 Memantine loaded PEGylated biodegradable nanoparticles for the treatment of glaucoma,
Small, (2017), 1-12. Doi: 10.1002/smll.201701808 (Impact factor: 8.643)

3.4 PEGylated PLGA nanospheres optimized by design of experiments for ocular administration
of dexibuprofen—in vitro, ex vivo and in vivo characterization, Colloids and Surface B:
Biointerfaces, 145 (2016) 241-250. Doi: 10.1016/j.colsurfb.2016.04.054 (Impact factor: 3.887)
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3.1 MEMANTINE LOADED PLGA PEGYLATED NANOPARTICLES
FOR ALZHEIMER’S DISEASE: IN VITRO & IN VIVO
CHARACTERIZATION

Elena Sanchez-Lo6pez, Miren Ettcheto, Maria Antonia Egea, Marta Espina, Ana Cristina
Calpena, Antoni Camins, Nuria Carmona, Amelia M. Silva, Eliana B. Souto, Maria Luisa
Garcia
Memantine loaded PLGA PEGylated Nanoparticles for Alzheimer’s disease: in vitro &
in vivo characterization

Journal of Nanobiotechnology (Submitted)
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Abstract

Memantine was loaded in biodegradable polylactic-co-glycolic (PLGA) nanoparticles, produced
by double emulsion method and surface-coated with polyethylene glycol (PEGylated). MEM-
PEG-PLGA nanoparticles (NPs) were aimed to target the blood-brain barrier (BBB) upon oral
administration for the treatment of Alzheimer’s disease. The production parameters were
optimized by design of experiments (DoE). MEM-PEG-PLGA NPs showed a mean particle size
below 200 nm (152.6 + 0.5 nm), monomodal size distribution (polydispersity index, PI< 0.1) and
negative surface charge (-22.4 mV). Physicochemical characterization of NPs confirmed that the
crystalline drug was dispersed inside the PLGA matrix. MEM-PEG-PLGA NPs were found to
be non-cytotoxic on the tested brain cell lines (bEnd.3 and astrocytes). Memantine followed a
slower release profile from the NPs against the free drug solution, allowing to reduce drug
administration frequency in vivo. Nanoparticles were able to cross BBB both in vitro and in vivo.
Behavioral tests carried out on transgenic APPswe/PS1dE9 mice demonstrated a more efficient
memory impairment reduction when using MEM-PEG-PLGA NPs in comparison to the free drug
solution. Histological studies confirmed that MEM-PEG-PLGA NPs reduced f-amyloid plaques

and the associated inflammation characteristic of Alzheimer’s disease.

Keywo rds: Memantine; Nanoparticles; Alzheimer’s disease; Brain targeting; APPswe/PS1dE9

mice; B-amyloid plaques; bEnd.3; astrocytes

Abbreviations: Alzheimer’s disease, AD; B-amyloid, AB; Memantine, MEM; poly(lactic-co-
glycolic acid), PLGA; Food and Drug administration, FDA; nanoparticles, NPs; poly(ethylene
glycol), PEG; polyvinyl alcohol (PVA); Mean average size, Z-AVE; polydispersity index, PI;
zeta potential, ZP; encapsulation efficiency, EE; transmission electron microscopy, TEM;
Akaike’s information criterion, AIC; permeability across cell monolayer, Pe; APPswe/PS1dE9
mice, APP/PS1.
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Background

Alzheimer's disease (AD) is the most prevalent neurodegenerative disorder amongst patients over
65 years old [1]. Memantine hydrochloride (MEM), a low-affinity voltage-dependent
uncompetitive antagonist to glutamatergic N-methyl-D-aspartate (NMDA) receptors, is the only
drug approved both in Europe and in the United States for moderate and severe degrees of the
disease.

The clinical applications of nanoparticles (NPs) have proven enormous advantages for targeting
and delivery of drugs, in particular, for the management of AD since current therapeutic strategies
are compromised by the tight junctions and endothelial cells of the blood-brain-barrier (BBB)
[2]. Nanoparticles, with an average size below 200 nm, may represent an alternative for
prolonged drug delivery across the BBB, given their capacity for endocytic transport [3, 4]. While
a number of polymers have already been used in the production of NPs, polyesters such as poly
D,L-(lactic-co-glycolic) acid (PLGA), have been extensively applied for controlled drug
delivery, including brain targeting [5, 6]. PLGA, which has been approved by the Food and Drug
Administration, is one of the most successful biodegradable polymers because it undergoes
hydrolysis to produce lactic and glycolic acid easily cleared from the body [7]. In addition,
advanced drug delivery systems based on PLGA NPs have recently demonstrated to be potential
alternatives for the treatment neurodegenerative diseases [8]. A limitation on the use of PLGA
NPs in drug delivery is, however, their fast uptake and clearance from the reticuloendothelial
system (RES). To overcome the RES clearance, surface coating of NPs with poly (ethylene
glycol) (PEG) has been recommended, an approach that has demonstrated to reduce NPs’
clearance significantly in vivo [9]. In addition, it has also been proven that such surface coating
may increase NPs targeting and uptake through the BBB [10]. Loading MEM in PEG-PLGA
NPs with a matrix structure is expected to prolong the drug’s circulation half-life compared to
non-coated PLGA NPs, due to the presence of mobile and flexible PEG chains on their surface.

While MEM was found to improve patients’ cognition, global functioning behavior and stage of
dementia in comparison to placebo groups, results obtained from meta-analysis of AD
monotherapy translate its limited clinical benefits (i.e. the assessment scores were not statistically
significant between treated and non-treated groups) [11]. In addition, despite being well-
tolerated, MEM requires daily administration by the patients which, combined with the poor drug

compliance, may also reduce the rates of successful treatment.
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A sustained release formulation, based on PLGA NPs for oral administration, has been proposed
to assure that the drug remains on the target site until the next patients’ intake of the medicine.
MEM-PEG-PLGA NPs are expected to contribute to a time-stable dose on the brain, prolonging
drug release, reducing administration frequency and decreasing the adverse-side effects.
Comparing to other routes, and for chronic treatment schedules, oral administration offers
comfort and improves patient’s compliance. Recent studies have demonstrated the added-value
of loading drugs in PLGA NPs to enhance their oral bioavailability [12, 13]. PEG surfacing
PLGA NPs have enhanced mucus permeating properties, therefore contributing to increase the
drug’s bioavailability after oral administration [14].

In the present work, we report the development of a physicochemically stable, sustained-release
MEM-PEG-PLGA NPs formulation, for the treatment of AD. Developed MEM-PEG-PLGA NPs
are reported to be a non-invasive approach for brain targeting of MEM, with minimal adverse-
side effects. The physicochemical stability of MEM after loading in PLGA NPs has been
characterized by drug-polymer interaction studies, and by in vitro release profile. Cell viability
was studied in two different cell lines, mapping the in vitro transport across the BBB. Transgenic
and non-transgenic mice were orally treated with MEM-PEG-PLGA NPs and compared with the
results obtained after treatment with free drug solution. Brain and plasma drug concentrations
were measured, whilst behavioural test and histological studies were undertaken to elucidate the
therapeutic efficacy of MEM-PEG-PLGA NPs against free drug, for brain delivery.

Materials and Methods

Materials

PLGA-PEG Resomer® RGP d 5055 was obtained from Boehringer Ingelheim, Germany and me-
mantine (MEM) was purchased from Capotchem (Hangzhou, China). Water filtered through Mil-
lipore MilliQ system was used for all the experiments and all the other reagents were of analytical

grade.
Production and Physicochemical Characterization of Nanoparticles

MEM loaded NPs were produced by a modified double emulsion method described elsewhere
[15, 16]. Briefly, a predetermined amount of PLGA-PEG was dissolved in ethyl acetate (EA)
forming the organic phase. Aqueous phase (w1) was obtained by dissolving MEM in deionized
water. Sonication energy was applied to form the primary emulsion (w1/0). The wi/o emulsion

was then dispersed in 2 ml of deionized water containing PVA. Secondary emulsion (w1/o0/wz)
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was formed with ultrasound energy [17]. A volume of 2 ml of PVA (0.3%) were then added,
under magnetic stirring, to stabilize the colloidal system. Solvent was evaporated and NPs were
washed by centrifugation at 15000 r.p.m. during 20 min. The loading of NPs with rhodamine
followed the same procedure. Empty NPs were prepared using the same approach but without
addition of drug into the inner water phase [18].

Mean average size (Z-AVE) and polydispersity index (Pl) of NPs were determined by photon
correlation spectroscopy (PCS) using a ZetaSizer Nano ZS (Malvern Instruments).
Measurements were carried out by triplicate at 180°in 10 mm diameter cells at a temperature of
25°C. Zeta potential (ZP) was calculated from electrophoretic mobility as described elsewhere
[19, 20].

Drug concentration was determined indirectly. Previously to the analysis, the non-loaded drug
was separated from NPs by filtration/centrifugation at 14000 r.p.m. (Mikro 22 Hettich
Zentrifugen, Germany) using an Amicon® Ultra 0.5 centrifugal filter device (Amicon Millipore
Corporation, Ireland). The encapsulation efficiency (EE) was calculated by the difference
between the total amount of drug and the free drug, present in the filtered fraction, using Equation
/1/:

Total amount of MEM - Free MEM
Total amount of MEM

11/

EE (%) =

The quantification of MEM was performed in multiple reaction monitoring (MRM) mode using
an ion trap mass spectrometer equipped with an atmospheric pressure electrospray ionization ion
source, positive mode. The HPLC system was an Agilent 1100 series (Agilent Technologies,
USA) coupled with a Brucker lon Trap SL (Brucker Daltonics GmbH, Germany). MEM was
separated on a reversed phase column (Kinetex de 2.6 um 50 x 2.1 (Phenomenex) using methanol

0.1% formic acid in water 55:45 (v/v) as mobile phase. The flow rate was 1 ml/min at 45°C [21].

Design of Experiments

Design of experiment (DoE) was used to optimize the developed formulation. Series of inde-
pendent parameters and their influence on NPs properties were studied, determining the effects

and interactions between factors. The effect of a factor x (Ex), was calculated using Equation /2/:
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2x(+)-Zx(-)
n/2

E, = 121

where Zx(+) stands for the sum of the factors at their highest level (+1), Zx(—) is the sum of the
factors at their lowest level (—1), and n/2 is the half of the number of measurements. Interactions
between factors (factor 1: factor 2) were also calculated. To estimate an interaction between two
factors, the effect of the first factor at the lowest level of the second factor has to be calculated
and subtracted it from the effect of the first factor at the highest level of the second factor.

For the study of the sonication parameters (Table 1) and concentration compounds (Table 2) two
independent full factorial designs were performed. The mean size (Z-AVE), Pl and ZP of the
NPs were studied and the effects and interactions between factors were calculated. According to
the composite design matrix generated by Statgraphics Plus 5.1 software, a total of 16
experiments (8 factorial points, 6 axial points and two replicated center points) were required for
each design. The studied experimental responses were the result of the individual influence and

the interaction of the three independent variables.

Nanospheres characterization and interaction studies

Morphology of the optimized formulation of MEM loaded NPs was determined by transmission
electron microscopy (TEM), performed on a JEOL 1010 microscope (Akishima, Japan). The
physical state and chemical interactions between drug and polymers were studied by thermal and
x-ray diffraction analyses. For the interaction studies, NPs were washed by centrifugation and
dried to constant weight previous to carry out the analysis. MEM thermal properties were studied
by thermogravimetric (TG) analysis and differential thermal analysis (DTA) on a TASC 414/3
(Netsch, Thermal Analysis). Temperature ranged from 25°C to 600°C at 10°C /min and AlO3z pan
was used as a reference. All experiments were carried out under nitrogen flow. Thermograms
were obtained by differential scanning calorimetry (DSC) on a Mettler TA 4000 system
(Greifensee, Switzerland) equipped with a DSC 25 cell. Samples were weighed (Mettler M3
Microbalance) in perforated aluminium pans and heated under a flow nitrogen at a rate of
10°C/min. X-Ray diffraction (XRD) was used to analyse the amorphous versus crystalline status
of the samples. Compounds were sandwiched between polyester films and exposed to CuK"
radiation (45 kV, 40 mA, A = 1.5418 A) in the range (20) from 2° to 60° with a step size of 0.026°

and a measuring time of 200 s per step. Fourier-transformed infra-red (FTIR) spectra of different
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compounds were obtained using a Thermo Scientific Nicolet iZ10 with an ATR diamond and
DTGS detector.

Storage stability

The stability of MEM-PEG-PLGA NPs stored at three different temperatures (4°C, 25°C and
38°C) was studied by light backscattering using Turbiscan®Lab operated at constant temperature.
For this purpose, a glass measurement cell was filled with 20 ml of sample. The light source is a
pulsed near infrared light and was received by a backscattering detector at an angle of 45° from
the incident beam. Backscattering data were acquired once a month for 24 h at intervals of 1 h.
In addition to this technique, morphometric parameters (Z-AVE, Pl and ZP) were also measured.

In vitro drug release

In vitro drug release of MEM-PEG-PLGA NPs was studied against free MEM in PBS, in a bulk
equilibrium direct dialysis bag technique under sink conditions for 36 h (n=6). Briefly, a volume
of 5 ml of each formulation was placed directly into a dialysis bag (cellulose membrane, 12-14
kDa, size 3,20/32°’ diameter, Iberlabo) and each bag was placed on 150 ml of isotonic phosphate-
buffered saline (PBS) 0.1 M, pH 7.4 at 37°C. At predetermined intervals, 1 ml of sample was
withdrawn from the stirred release medium and simultaneously replaced with 1 ml of fresh buffer
at the same temperature. AIC was determined as an indicator of the suitability of the model for a
given dataset. The model associated to the smallest AIC value is considered as giving the best fit
of the set of data [19].

Cell culture

Cells were thawed, grown, maintained and regularly observed under a microscope. Two cell lines
were used, namely, mouse microvascular endothelial cells (bEnd.3) and astrocytes from brain rat
cortex. Primary cultures of astrocytes were obtained from bank GAIKER-1K4 culture. The
bENd.3 cells were maintained in their specific culture medium, DMEM + 10% FBS [21]. Cells
and corresponding culture medium were tempered at 37°C, 1 ml of cells was diluted in 9 ml of
medium and the cell suspension was centrifuged at 4°C for 5 minutes at a speed of 130 g. The

supernatant was removed and the cells were re-suspended in culture medium. Cells were seeded
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in 75 cm? flasks and kept in an incubator at 37°C, an atmosphere of 5% CO; and a relative

humidity of 95%. Once removed and washed, the cells were seeded with fresh medium.

Cytotoxicity studies

Alamar blue reduction was used as a parameter for cell viability. This assay is based on that
viable and metabolically active cells reduce resazurin to resorufin, which is released into the
culture medium. This conversion is intracellular, facilitated by oxidoreductases of mitochondrial,
microsomal and cytosolic origin. In a toxic event, where a loss of cell viability and proliferation
occurs, the cells that comprise the epithelial tissue lose the ability to reduce resazurin. Therefore,
resazurin reduction ratio is directly proportional to the number of viable cells. Absorbance was
determined at A of 570 nm and 620 nm, reduced and oxidized form, respectively [22]. Data were
analysed by calculating the percentage of Alamar blue reduction and expressed as percentage of

control (untreated), as reported before [23].

In vitro transport across the BBB

In vitro BBB models have become a standard tool for estimating the ability of drugs to bypass
the BBB at the early stage of drug development. In the present work, endothelial cell-based
models were optimized by co-culturing the endothelial cells with astrocytes in Transwell
systems, as shown in Figure 1. Polycarbonate transwell inserts were used with a semipermeable
membrane of 0.4 um pore. For co-culture experiments (Figure 1), endothelial cells were seeded
in the apical part of the inserts. A semipermeable filter was placed, and in the basolateral

compartment cells from primary cultures of rat astrocytes were added.

[Please insert Figure 1 about here]

Figure 1. Representation of the blood-brain barrier model to assess in vitro transport of

nanoparticles.
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Trans-epithelial electrical resistance study

The brain vasculature is characterized by endothelial cells with strong tight junctions that limit
paracellular diffusion of hydrophilic molecules selectively, according to their charge and size.
When the movement of ions across the monolayer is restricted due to the proper functioning of
the barrier, an electric potential gradient on both sides is generated. Transepithelial electrical
resistance (TEER) is an indicator of cell confluence, monolayer integrity and the formation of
tight junctions between cells. Thus, TEER manual measurements were taken daily until a steady
state was reached, employing epithelial EVOM2 voltmeter connected to a pair of electrodes
STX2. The system operates with two electrodes, which can be applied directly to the inserts. To
calculate TEER of each insert, Equation /3/ was used and values are expressed in Q-cm?.

TEER = [QCell monolayer — lrilter (without cells)] X [Filter Surface] 13/

Co-culture experiments were carried out in 24-well plates. Inserts were removed and placed in
new media plates with Hanks and 0.5% bovine serum albumin (BSA). Apical media was
removed, washed with Hanks and MEM-PEG-PLGA NPs were added (dissolved in 0.5% BSA
Hanks) in the apical part of the inserts and left for one hour. Furthermore, to verify that MEM-
PEG-PLGA NPs did not compromise membrane integrity, a compound with low paracellular
permeability, Lucifer yellow (LY, was added at the end of the study. Membrane integrity (with
LY) was determined calculating the permeability coefficient by using the clearance principle

which allows a permeability value independent of concentration.
In vivo studies

Male APPswe/PS1dE9 and C57BL/6 mice were used for the in vivo studies. APP/PS1 animals
co-express a Swedish (K594M/N595L) mutation of a chimeric mouse/human APP
(Mo/HUAPP695swe), together with the human exon-9-deleted variant of PS1 (PS1-dE9),
allowing these mice to secrete elevated amounts of human AP peptide [24]. The animals were
kept under controlled temperature, humidity and light conditions with food and water provided
ad libitum. Mice were treated in accordance with the European Community Council Directive
86/609/EEC and the procedures established by the Departament d'Agricultura, Ramaderia i

Pesca of the Generalitat de Catalunya. Every effort was made to minimize animal suffering and
to reduce the number of animals used. Sixty 6 month-old animals, divided into six groups, were
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used for the present study, with at least 10 WT and 10 APP/PS1 transgenic mice, per group. Mice
were treated for two months with MEM at therapeutic dose (30 mg/kg/day) and MEM-PEG-
PLGA NPs were administered. NPs volume was calculated for each animal previously weighted
and was administered on a drinking bottle. Afterwards, NPs drinking bottle was replaced by
untreated water for 24 hours. Following in vivo testing, the animals were sacrificed and at least

6 mice in each group were used for histological studies [25].

Nanoparticles brain distribution

Fluorescent PEG-PLGA NPs were developed applying double emulsion method. Three WT mice
were used for each group, administering 300 ul of Rho NPs. After 24 hours this time, mice were
sacrificed and brains were extracted and fixed in paraformaldehyde. After 48 hours, brains were
removed, placed in a 30% sucrose solution and stored at -80°C. Brains were sliced at 40 um by
using a cryostat. Samples were washed trice with PBS for 5 minutes and stained with Hoetsch
for 15 min. After that, samples were washed with PBS-Triton (0.5% V/V) trice for 5 min. Brain
sections were mounted into jellified slides and observed at confocal microscope (Leica
Microsystems Heidelberg GmbH) using DAPI and TRITC filters for Hoestch and Rhodamine,
respectively. Images were processed using Fiji Plugin for ImageJ and maximum intensity
projection was applied.

Previously to the study of the therapeutic effects, drug at steady state levels was quantified in
order to confirm drug amount into target tissue after MEM NPs administration. Moreover, drug
was also quantified on plasma. Blood samples were extracted from the facial vein and samples
were centrifuged during 20 min at 2000 r.p.m. adding EDTA (10 ul K2.EDTA 18 mg/ml) to avoid
blood coagulation. Mice were sacrificed by cervical dislocation and immediately brains were
removed and preserved at -80°C. Amantadine was added as internal standard and MEM
extraction was carried out using organic solvents (t-butyl methyl ether and diethyl ether—
chloroform for brain and blood samples, respectively). Solvents were evaporated under nitrogen
flow and samples were reconstituted with methanol [26, 27]. Samples were analysed as described
previously (section NPs production). The analyses were carried out using the parent to daughter
combinations of m/z 180 > 163 (MEM) and m/z 152 > 135 (amantadine) [21].
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Morris water Maze

The Morris water maze (MWM) test was conducted in a circular tank filled with water at 21 + 2
°C and divided into four equal quadrants. A white platform was submerged below the water
surface in the middle of the northeast quadrant. The behavioural data were acquired and analysed
using a computerized video tracking system. The procedure of the behaviour assessment
consisted of a six-day navigation testing session and a probe trail. Mice received five trials per
day for six successive days continuing with the same drug regime. Animals were placed into the
maze facing the tank wall at water-level. They were allowed to swim freely for 60 s to seek the
invisible platform and allowed to remain there for 10 s. If a mouse failed to find the platform, it
was guided to it and left there for 30 s. The probe trial was performed the day after the last
training test. In the probe test, the hidden platform was removed, and the mice were released
from the southwest quadrant and allowed to swim for 60 s. Results were calculated individually

for each animal [28].

Immunohistochemistry studies

Mice were anesthetized with sodium pentobarbital and perfused with 4% paraformaldehyde in
0.1M phosphate buffer (PBS) after the probe trial. Brains were stored in 4% paraformaldehyde
at 4°C overnight then dehydrated in 30% phosphate-buffered sucrose solution for cryoprotection.
Samples were preserved at -80°C and coronal sections of 20 pm were obtained by a cryostat
(Leica Microsystems, Wetzlar, Germany). Sections were incubated overnight at 4°C with the
rabbit anti-GFAP (1:2,000; Dako, Glostrup, Denmark) primary antibody, and sequentially
incubated for 2h with Alexa Fluor 594 goat anti-rabbit antibody at room temperature (1:500;
Invitrogen, Eugene, OR, USA). Staining of p-Amyloid plaques was performed using Thioflavin
S (ThS 0.002%, Sigma-Aldrich) to compare -amyloid plaque density among different treatment
groups. Sections were counterstained with 0.1 pg/ml Hoechst 33258 (Sigma-Aldrich, St Louis,
MO, USA) and rinsed afterwards with PBS 0.1M [29]. ThS-stained B-amyloid plaques were
visualized using a fluorescence microscope with a fluorescence filter (BX41 Laboratory
Microscope, Melville, NY-Olympus America Inc). For each image, the proportion of total image
area covered by fluorescently stained B-amyloid plaques was quantified. For each mouse, four
fields per section with the highest density of plaques were chosen as representative and were

averaged [30].
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Statistical analysis

All of the data are presented as the mean £ S.D. Two-way ANOVA followed by Tukey post hoc
test was performed for multi-group comparison. Student's t-test was used for two-group
comparisons. Statistical significance was set at p < 0.05 by using GraphPad Prism version 5.00

for Windows, GraphPad Software, San Diego California USA.

Results and discussion

Optimization of NPs’ parameters

Double emulsion evaporation method was chosen for the production of PLGA NPs due to its
suitability for the loading of hydrophilic drugs, such as MEM. Since the mean particle size is a
critical parameter to assure that NPs are absorbed in the gastrointestinal tract and achieve the
BBB, the aim of the factorial design was to produce MEM-PEG-PLGA NPs with a mean size
100 and 200 nm. Since MEM is insoluble in ethyl acetate, this organic solvent has been used for
the preparation of wi/o/w> emulsions, allowing the retention of the drug in the inner aqueous
phase. From preliminary studies, the addition of small amount of polyvinyl alcohol (PVA, 0.3%)
after the second emulsification process was shown to contribute to the decrease of the mean size
of NPs from 264.6 nm (with a bimodal distribution) down to 220.1 nm (with a monomodal
distribution, PI < 0.1). These results were attributed to the delay of the solvent diffusion to the
outer aqueous phase upon addition of the aqueous PVA solution, limiting the risk of droplets
agglutination and polymer precipitation [18]. The results obtained from the full factorial designed
performed for the selection of the appropriate sonication parameters (i.e. wave amplitude and

sonication time) are shown in Table 1.

[Please insert Table 1 about here]
Table 1. Values of the matrix of a factorial design of sonication parameters and measured

responses. Bold values correspond to the optimized formulation of MEM loaded NPs.
Factorial design demonstrates that the interaction between 1% and 2" sonication times increased
the mean size of NPs. As a consequence, a lower 1% sonication time was chosen to obtain NPs

smaller than 200 nm. High amplitudes, around 38%, are mandatory to obtain small and
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monodispersed NPs (Figure 2a) [18]. As shown in Figure 2b, amplitude was a significant
parameter regarding particles surface charge, establishing a trend where increasing the amplitude
causes a slight increase of the negative charge and, subsequently, the creation of more stable

particles. Therefore, the maximum amplitude (F9, Table 1) would be applied.

[Please insert Figure 2 about here]

Figure 2. DoE of sonication parameters A) Surface plot of MEM-PLGA-PEG NPs Pl and B)

Pareto’s chart of the effect of sonication parameters on ZP.

The optimized concentration parameters of the formulation compounds have also been studied
(Table 2). The increase of the polymer concentration caused the increase of both z-AVE and Pl
(Figure 3a). Indeed, the higher the viscosity of the inner aqueous phase of the primary emulsion
(w1/0), the less efficient is the reduction of the emulsion droplet size during the second
emulsification step (wi/o/w) [15, 16]. The higher the PVA concentration, the smaller the NPs
obtained (Figure 3a). These results suggest that the optimized PV A concentration should be able
to ensure enough surfactant molecules to cover the interface between the organic phase and the

external aqueous phase, improving the protection of the droplets from coalescence [16].

[Please insert Table 2 about here]
Table 2. Values of the matrix of a factorial design of concentration parameters and measured

responses. Bold values correspond to the optimized formulation of MEM loaded NPs.

[Please insert Figure 3 about here]
Figure 3. DoE of concentration parameters; A) Surface plot of MEM —-PLGA-PEG NPs z-AVE

and B) Effect of compounds concentration on ZP.

Pareto’s chart (Figure 3b) shows that MEM concentration influenced the surface electrical charge
of NPs significantly. MEM has an amine group which can easily be protonated and decrease

negative surface charge caused by the polymer [31],[32].

However, while high MEM concentrations negatively affect the particles stability, a statistically
significant relationship between EE and MEM concentration was established. According to the

factorial design data, a suitable formulation was achieved with a minimum concentration of
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polymer (10 mg/ml), an upper-intermediate drug concentration (9 mg/ml) and a maximum
amount of PVA (7.5 mg/ml)

(F7, Table 2). After ultracentrifugation at 15000 r.p.m. for 20 min of the optimized formulation,
NPs kept their size properties (z-AVE of 152.6 £ 0.5 nm and P1 0.043 + 0.009), although ZP was
more negative (-22.4 = 0.5 mV), which was attributed to the removal of surfactant molecules
from the surface of the particles. Detailed structure of MEM-PEG-PLGA NPs was further
characterized by TEM, which confirmed the spherical shape and smooth surface of NPs (Figure
4).

[Please insert Figure 4 about here]
Figure 4. MEM-PLGA-PEG NPs transmission electron microscopy and size distribution

obtained by dynamic light scattering.

Characterization of NPs and interaction studies

In vitro and in vivo drug release profiles are highly dependent on the physical state of the drug
inside the NPs. TG and DTA were therefore used to study the interaction between MEM and
polymers. As shown in Figure 5a, the presence of the anhydrous form of the drug was identified
therefore MEM was shown to be stable at low temperatures [32]. TG profile of MEM exhibited
a weight loss starting at 290°C, and finishing at 354°C, which correspond to the complete
degradation of drug. DTA showed an onset of endothermic event at 280°C followed by a
maximum at 352°C being these results similar to those obtained by DSC. A thermal
decomposition of MEM was shown to occur in two steps, corresponding the latter to a final

oxidative degradation.

[Please insert Figure 5 about here]

Figure 5. MEM thermogravimetric and differential thermal analysis.

DSC curves of MEM, PVA, PEG-PLGA, MEM-PEG-PLGA NPs, and physical mixture of MEM
are depicted in Figure 6. PVA exhibits two endothermic peaks, corresponding to the melting
(192.86°C) and decomposition (318.61°C) events, respectively. PEG-PLGA onset transition
temperature (Tg) takes place around 44.50°C. PLGA without PEG chains exhibited a T4 around
54.18°C. The presence of PEG chains produced a decrease of the Tq4 values, attributed to the

plasticizing effect based on the reduction of the attractive forces among the polymer chains.
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MEM displayed a melting transition followed by decomposition between 190°C and 322°C,
exhibiting a thermal event comprising both phenomena. DSC analysis of MEM-PEG-PLGA NPs
displayed an endothermic event corresponding to the T4 of the polymer occurring at 50.56°C.
The increasing of the T4 of the polymer has been attributed to the incorporation of an alkaline

drug, which causes interactions between the carboxylic groups of the polymer.

[Please insert Figure 6 about here]

Figure 6. MEM-PLGA-PEG NPs differential scanning calorimetry analysis.

Results from XRD studies are shown in Figure 7a. Drug powder diffraction pattern showed sharp
crystalline peaks, whereas PEG-PLGA showed an amorphous profile. MEM-PEG-PLGA NPs
displayed a profile similar as PEG-PLGA, but a slight attenuated peak corresponding to the drug
was also observed. The surfactant displayed a semi-crystalline pattern, not present in the
formulation. This fact demonstrates the effectiveness of the centrifugation process, confirmed by
FTIR analysis (Figure 7b). This suggests that the surfactant acts only as adjuvant in the NPs
production, stabilizing the freshly prepared particles while it is not entrapped in the polymer
because it was effectively removed by centrifugation. This property is relevant since a high
surfactant concentration may induce toxicity by establishing an interconnected network with the
polymer [33].

FTIR analysis (Figure 7b) does not show any evidence of chemical interaction or strong bond
formation between MEM and PEG-PLGA or between NPs and surfactant. The stretching band
of the polymer carbonyl groups (C=0) was observed at 1740 cm™, whereas the first polymer
bands are due to C-O PLGA-PEG bonds [34]. The bond at 2950 cm™ clearly indicates the
presence of C-H (ethylene glycol). PVA exhibits a number of absorption peaks at 2900, 1324,
843 and 1084 and 3237 cm™ due to C-H stretching, C-H bending and C-O stretching, which are
not depicted in the profile obtained for MEM-PEG-PLGA NPs. Around 3000 cm™* MEM showed
the amine corresponding peak associated with N-H stretching bond. As reported by other authors,

the peak at 1648 cm indicates presence of C-O group attached to —NH [35].
[Please insert Figure 7 about here]

Figure 7. MEM-PLGA-PEG NPs interaction studies A) X-Ray diffraction and B) Fourier

transformed infra-red analysis.
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Storage stability

Stability of the developed NPs at different temperatures (4°C, 25°C and 38°C) was also
monitored. Samples stored at 4°C and 25°C remained visually unchanged during the first 6
months of storage. Samples stored at 38°C were completely transparent and unstable by the end
of the first month because of the degradation of the polymer induced by higher temperatures
(Figure 8a).

Samples stored at 4°C and 25°C kept their ZP and size parameters (z-AVE and P1) for 6 months.
No statistically significant differences were found between formulations stored at 4°C and at
25°C. Backscattering profiles at both temperatures were similar to those obtained by the end of
the first month, but NPs stored at 25°C showed a slight decrease of the light scattered percentage
corresponding to the bottom of the sample, which was not observed at 4°C (Figures 8b and 8c).
This result was attributed to a slight NPs sedimentation process being preferential the particles’
storage at 4°C.

[Please insert Figure 8 about here]
Figure 8. Backscattering profile of MEM-PLGA-PEG NPs stored for 6 months; A) 38°C, B)
25°C and C) 4°C.

In vitro drug release

In vitro drug release was analysed against a drug solution in PBS (free MEM). Free MEM release
was faster than the observed for MEM-PEG-PLGA NPs (Figure 9). The optimized formulation
showed an immediate release (burst release) attributed to the non-loaded MEM fraction which is
weakly bound to the NPs’ surface, because of the PEG coating [36]. After this initial phase, the
drug displayed a sustained release diffusing slowly from the polymeric matrix into the release
medium. Akaike’s information criterion (AIC) for hyperbola adjustment was 64.97 for MEM-
loaded NPs and 86.8 for free drug. Parameters corresponding to hyperbola adjustment were
analysed. Kgq, equilibrium dissociation constant, expressed in concentration, corresponding to
MEM-PEG-PLGA NPs was almost twice (0.74 for drug loaded NPs and 0.38 for the free drug)
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than Kgy obtained for the free drug, confirming the slower release of the drug from the colloidal

system.

[Please insert Figure 9 about here]
Figure 9. In vitro release profile of MEM from PBS solution or MEM-PLGA-PEG NPs. Mean

parameters were obtained adjusting data to hyperbola equation.

Cytotoxicity studies

Cell viability of MEM-PEG-PLGA NPs was measured in bEnd.3 (brain endothelial cells) and rat
astrocyte primary cultures. These cells form the BBB and, for this reason together they are
considered as a suitable model to test nanoparticles cytotoxicity. Following the incubation for 24
h, MEM-PEG-PLGA NPs did not show any measurable toxic effect (Figure 10). These results
confirm that the developed particles are biocompatible with both endothelial glial brain cells. In
addition, the slight amount of PVA that could remain after centrifugation process did not induce
any toxicity nor influenced the normal growth of both epithelial cell lines within the assessed

doses.

[Please insert Figure 10 about here]

Figure 10. Cell viability assessment using Alamar blue on brain cell lines.

In vitro transport across the BBB

Results show that 40 % of the initial MEM-PEG-PLGA NPs were retained by the cell membrane
of the in vitro model within one hour of incubation, whereas only 30% of the initial MEM was
found inside the barrier. Drug permeability coefficient (Pe) in this model was 0.933. This fact
indicates that NPs retained in this tissue would be able, either to achieve a slow drug release from
there, or to partially cross through it and release the drug into the basolateral media. TEM images
demonstrate that the part of MEM-PEG-PLGA NPs achieving the BBB remained spherical and
non-aggregated with an average size below 200 nm (Figure 11). Similar results were obtained in
other tissues, such as cornea in which NPs composed of different biodegradable polymers
penetrate the first layers of the epithelium [37].
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In addition, Lucifer Yellow (LY) was used as control at the end of the study, showing that these
systems do not cause disruption of the BBB as no increase of paracellular passage of LY was
observed (Pe<1 in all the experiments).

[Please insert Figure 11 about here]

Figure 11. TEM pictures of MEM-PEG-PLGA-NPs on the basolateral compartment of the BBB
transport model after one hour of incubation.

In vivo transport across the BBB

To tackle the NPs uptake and visualize them in the target tissue in vivo, MEM was replaced by
Rhodamine 6G (Rho, 0.2% w/V) in the formulation. EE was measured indirectly by
spectrophotometric methods at Aszs nm (linear range 0.1-5 pg/ml). Results showed that PLGA-
PEG NPs were able to load 6.69 ug/ml of Rho inside the NPs. Mean size (149.7 £ 0.6 nm) and
PI (P1<0.1) of Rho NPs were similar to those obtained by MEM-PEG-PLGA NPs. NPs surface
charge was also negative (-11.5 mV). Qualitative evidence from confocal microscopy studies of
mice treated with Rhodamine NPs showed that Rho loaded NPs were able to reach the brain upon
oral administration. These results were also in agreement with those obtained from the in vitro
studies. Absorption of Rho loaded NPs by GI were confirmed by other authors, demonstrating

also an improvement of the absorption of hydrophilic drugs [38].

[Please insert Figure 12 about here]
Figure 12. Rho-loaded NPs brain distribution. (a) Rho-NPs on hippocampus (left part
corresponding to Hoetsch nucleus staining) (b) Rho NPs on cortex (left part corresponding to

Hoetsch nucleus staining).

In order to ascertain that the drug was able to efficiently reach the target tissue, quantification of
the drug into the brain was also carried out. MEM concentration on the brain after achieving
steady state levels (three weeks after drug administration) was measured administering NPs in
alternate days. Brain concentration of MEM and of other aminoadamantane drugs was shown to
be higher than the recorded plasma levels [39]. Particularly, in mice, MEM was reported to be
between 2 and 9 times higher in brain than in plasma [40]. Mice treated for 3 weeks with MEM-
PEG-PLGA NPs showed an average ratio brain/plasma of 111. Specifically, plasma
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concentration was around 883.02 ng/ml. This may correlate with the burst release obtained in
vitro. Brain levels were higher than those obtained in plasma (around 133.47 pg/ml) and to those
described previously for free MEM.

These results demonstrate that the developed MEM-PEG-PLGA NPs were able to be absorbed
by the gastrointestinal tract and efficiently deliver the drug across the BBB, being able to reach
the hippocampus section of the brain, more effectively than the free drug. NPs would be absorbed
by the gastrointestinal tract, and attributed to the fraction from the burst release observed in vitro.
The remaining NPs would be able to cross to systemic circulation and, because of the PEG
coating, protein adsorption and decrease liver uptake would be suppressed. In addition, PEG
would increase NPs contact and penetration on the BBB [41].

Morris water maze test

The effects of MEM treatment on the animal’s behaviour were assessed with the MWM test
(Figure 13). The overall ANOVA for the training days revealed both a genotype (APP/PS1
against WT showed significant differences, p < 0.01) and a drug effect (treated vs untreated
APP/PS1 mice) on mice spatial learning capacities. Escape latency on the test day results are
shown in Figure 13a. Untreated APP mice showed a significant increase on scape latency
compared to MEM loaded NPs group (p <0.01). Moreover, no significant differences were found
between WT and APP/PS1 mice treated with NPs, indicating that NPs indeed have therapeutic
effects. NPs APP/PS1 mice revealed an improvement on spatial learning memory when
compared with free MEM (no statistically significant differences).

[Please insert Figure 13 about here]

Figure 13. Morris water maze results on the probe trail. A) Escape latency and B) Representative
swimming path of transgenic mice. Data represent mean £ SD; *p < 0.05, **p < 0.01, ***p <
0.001, ****p<(0.0001.

As shown in Figure 13b, MEM-loaded NPs groups followed a more direct path until platform,
than the rest of transgenic groups. As expected, significant differences were obtained with
APP/PS1 untreated group and MEM-loaded NPs (p<0.01). Regarding time percentage in the
platform quadrant (data not shown), APP/PS1 mice treated with MEM-loaded NPs presented an

average of 37.22% of the time, whereas transgenic mice treated with MEM spend a 24.72% of
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the time revealing that oral MEM-loaded NPs restore cognition more effectively than the free

drug.

Immunohistochemistry

The formation of AP plaques, which is a pathologic hallmark of AD, could be observed by
Thioflavin-S staining. Several studies confirmed that MEM decrease the number of amyloid
plaques, therefore, histological studies to observe plaque development would be of great
relevance. Figure 14 shows the results corresponding to amyloid plaques counting of WT and
APP/PS1 mice. WT groups did not develop B-amyloid plaques. APP/PS1 mice treated with NPs
developed some plaques, for which the levels were significantly lower than those obtained for

the rest of transgenic groups (p<0.001), thus including MEM free groups.

[Please insert Figure 14 about here]
Figure 14. Amyloid plaques counting. Data represent mean £ SD; *p < 0.05, **p < 0.01, ***p
< 0.001.

Figure 15 depicts the microscopic images after immunohistochemically staining of insoluble 3-
plaque development. APP untreated mice showed a greater plaque development. Moreover,
plaques were surrounded by a high inflammatory state characteristic of AD. MEM-PEG-PLGA
NPs groups showed fewer plaques and also inflammation degree was lower than the rest of
transgenic groups [42]. These results are in agreement with behavioural assays, indicating that
MEM restored cognition by decreasing insoluble amyloid plaques and the inflammatory response

associated with AD.

[Please insert Figure 15 about here]

Figure 15. Immunohistochemically (cortex) staining of amyloid plagques (green) and GFAP (red)
of WT and APP/PS1 mice (untreated, MEM free and MEM loaded NPs). Bar reference
equivalent to 100 pm.
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Conclusions

In this study, factorial design allowed to obtain NPs with an average size lower than 200 nm and
Pl <0.1, characteristic of monodispersed systems, suitable to be absorbed by the gastrointestinal
tract and release the drug across the BBB. The optimized formulation was obtained by adding
7.5 mg/ml of surfactant, a low polymer concentration and a high drug amount. NPs were washed
by ultracentrifugation process and effective surfactant elimination was demonstrated both by
XRD and FTIR since no PVA bands were observed in the NPs profile. This suggests that the
surfactant only acts as an adjuvant in the NPs production, stabilizing the colloidal suspension and
it is not entrapped in the polymer since it was effectively removed by centrifugation. This is an
increase outcome since a high surfactant amount may induce toxicity by establishing an
interconnected network with the polymer. MEM-PEG-PLGA NPs raised the Ty of the polymer,
thus confirming the drug loading within the particles. Moreover, no evidence of strong bond or
chemical interaction between drug and polymer was found. MEM-PEG-PLGA NPs did not show
the drug melting and decomposition process observed in the physical mixture, confirming that
the drug loaded into NPs was in the form of either a molecular dispersion or in a solid solution.

MEM-PEG-PLGA NPs showed to be physically stable upon 6 months storage both at 25°C and
4°C, being preferable 4°C storage due to a slight NPs sedimentation process observed in the
backscattering profile. The developed formulation presented a slow in vitro release profile at
37°C against free drug both fitting to hyperbola equation. This could be due to a first fast drug
release (burst effect) provided by the drug accumulated onto the NPs surface, followed by a
released caused by the drug entrapped into the polymeric matrix.

The in vitro and in vivo results for brain drug levels showed clear evidence that the developed
systems provide a sustained delivery of the drug into the target tissue. The developed colloidal
systems increase drug amount into the target organ and confirm the suitability of the NPs for oral
administration attributed to the bioadhesive polymer properties. Moreover, reduced
administration frequency (on alternate days) demonstrated to be adequate to achieve brain
therapeutic concentrations of drug. Behavioural and histological studies of APP/PS1 and WT
mice treated with NPs in alternate days showed a better effect of NPs groups against free MEM
treatment improving both learning capacities and -amyloid brain plaques on APP/PS1 animals.
This can be attributed to the sustained release obtained with MEM-PEG-PLGA NPs that provide

a stable drug amount into the target organ.
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In summary, MEM-PEG-PLGA NPs could be a promising alternative towards a better treatment
of AD patients since NPs have demonstrated to be capable to provide a more effective treatment

than free MEM.
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Table 1. Values of the matrix of a factorial design of sonication parameters and measured responses. Bold values correspond to the optimized
formulation of MEM loaded NPs.

Amplitude 1%'sonication time 2" sonication time Zaw (NM) P ZP (mV) EE (%)
Coded level (%) Coded level (s) Coded level (s)
Factorial points
F1 -1 25.0 -1 20.0 -1 120.0 390.4+2.2 0.213 +0.039 -6.73 £ 0.04 3.46
F2 1 35.0 -1 20.0 -1 120.0 249.7+4.7 0.069 £ 0.022 -6.33 £ 0.49 9.59
F3 -1 25.0 1 40.0 -1 120.0 184.6 £0.7 0.125 +0.023 -6.43 +0.45 42.57
F4 1 35.0 1 40.0 -1 120.0 2270+ 26 0.057 £ 0.019 -6.72 £ 0.33 36.89
F5 -1 25.0 -1 20.0 1 240.0 243.0+£0.9 0.194 £ 0.012 -6.72 £ 0.24 7.43
F6 1 35.0 -1 20.0 1 240.0 248.1+19 0.053 £ 0.037 -6.48 £ 0.15 14.69
F7 -1 25.0 1 40.0 1 240.0 258.7+4.5 0.198 + 0.011 -6.35 £ 0.33 22.63
F8 1 35.0 1 40.0 1 240.0 206.4+1.2 0.061 + 0.045 -6.67 £ 0.30 2.88
Axial points
F9 1.68 38.4 0 30.0 0 180.0 2224+24 0.033+0.011 -5.63 £ 0.37 39.12
F10 -1.68 21.6 0 30.0 0 180.0 162.6+0.4 0.262 £ 0.012 -6.83 £ 0.37 39.36
F11 0 30.0 1.68 47.0 0 180.0 226.7+4.4 0.236 £ 0.011 -6.49 £ 0.25 19.94
F12 0 30.0 -1.68 13.0 0 180.0 196.8+ 2.5 0.103 £ 0.056 -6.47 £ 0.55 43.10
F13 0 30.0 0 30.0 1.68 281.0 239.8+0.7 0.056 £ 0.020 -5.77 £ 0.47 23.39
F14 0 30.0 0 30.0 -1.68 79.0 382.6+5.2 0.221 £ 0.011 -5.93+0.21 33.95
Center points
F15 0 30.0 0 30.0 0 180.0 220.1+5.6 0.059 £ 0.019 -5.36 £ 0.03 24.01
F16 0 30.0 0 30.0 0 180.0 222.1+36 0.062 £ 0.021 -5.36 £ 0.11 23.23
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Table 2. Values of the matrix of a factorial design of concentration parameters and measured responses. Bold values correspond to the optimized

formulation of MEM loaded NPs.

C PLGA-PEG C MEM Cpva Zav (NnM) Pl ZP (mV) EE (%)
Coded level | (mg/ml) | Coded level | (mg/ml) | Coded level | (mg/ml)
Factorial points
F1 -1 10 -1 3 -1 2.5 270.0+2.4 0.081 £ 0.002 -13.4 + 0.93 50.45
F2 1 30 -1 3 -1 2.5 450.1+6.6 0.306 + 0.022 -8.27 £ 0.16 60.84
F3 -1 10 1 9 -1 2.5 230.1+3.2 0.034 + 0.026 -2.95+0.23 98.98
F4 1 30 1 9 -1 2.5 369.3+3.4 0.287 + 0.028 -3.33+0.13 98.76
F5 -1 10 -1 3 1 7.5 324.4+38 0.188 + 0.009 -9.79 £ 0.27 57.74
F6 1 30 -1 3 1 7.5 287.8+4.6 0.139 + 0.029 -7.84 +0.25 72.07
F7 -1 10 1 9 1 7.5 1779+29 0.034 £ 0.030 -3.81+0.44 81.23
F8 1 30 1 9 1 7.5 223.4+0.6 0.063 = 0.007 -3.88 £ 0.17 84.87
Axial points
F9 1.68 37 0 5 0 5 260.4+ 1.6 0.102 + 0.018 -8.85 +0.53 66.08
F10 -1.68 3 0 5 0 5 1471+ 0.7 0.032 £ 0.007 -4.96 £ 0.17 69.52
F11 0 20 1.68 11 0 5 204.3+25 0.081 +0.018 -3.86 + 0.27 52.84
F12 0 20 -1.68 1 0 5 238.8+0.7 0.077 £0.013 -145+0.45 55.33
F13 0 20 0 5 1.68 9.2 199.0+ 2.1 0.071 £ 0.027 -5.59 £ 0.19 57.27
F14 0 20 0 5 -1.68 0.8 2722+21 0.103 £ 0.033 -3.26 £ 0.19 65.65
Center points
F15 0 20 0 5 0 5 213.1+04 0.023 £ 0.024 -6.03 + 0.27 72.61
F16 0 20 0 5 0 5 211.7+0.3 0.034 +0.023 -5.96 £ 0.16 40.92
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Figure 1. Representation of the blood-brain barrier model to assess in vitro transport of
nanoparticles.
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Figure 4. MEM-PLGA-PEG NPs transmission electron microscopy and size
distribution obtained by dynamic light scattering.
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Figure 5. MEM thermogravimetric and differential thermal analysis.
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Figure 6. MEM-PLGA-PEG NPs differential scanning calorimetry analysis.
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Figure 9. In vitro release profile of MEM from PBS solution or MEM-PLGA-PEG NPs.
Mean parameters were obtained adjusting data to hyperbola equation.
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Figure 11. TEM pictures of MEM-PEG-PLGA-NPs on the basolateral compartment of
the BBB transport model after one hour of incubation.

Figure 12. Confocal microscopy image of brain section of WT mice treated with oral
Rho-loaded NPs.
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Figure 14. Amyloid plaques counting. Data represent mean £ SD; *p < 0.05, **p <
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GFAP (red) of WT and APP/PS1 mice (untreated, MEM free and MEM loaded NPs). Bar
reference equivalent to 100m.
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3.2. NEW POTENTIAL STRATEGIES FOR ALZHEIMER'S
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Abstract

Dexibuprofen loaded pegylated poly(lactic-co-glycolic) nanospheres prepared by solvent diffusion method were designed to increase
Dexibuprofen brain delivery reducing systemic side effects. Nanospheres exhibited a mean particle size around 200 nm (195.4 nm),
monomodal population and negative surface charge. Drug loaded nanospheres showed a sustained release profile, allowing to modify the
posology in vivo. Nanospheres were non-toxic neither in brain endothelial cells nor astrocytes and do not cause blood—brain barrier
disruption. Nanospheres were able to partially cross the cells barrier and release the drug after co-culture in vitro experiments, increasing
Dexibuprofen permeation coefficient. Behavioral tests performed in APPswe/PS1dE9 mice (mice model of familial Alzheimer's disease)
showed that nanospheres reduce memory impairment more efficiently than the free drug. Developed nanospheres decrease brain
inflammation leading to p-amyloid plaques reduction. According to these results, chronical oral Dexibuprofen pegylated poly(lactic-co-
glycolic) nanosystems could constitute a suitable strategy for the prevention of neurodegeneration.
© 2016 Elsevier Inc. All rights reserved.

Key words: Nanoparticles; Nanospheres; PLGA-Peg; Dexibuprofen; Blood—Brain barrier; Alzheimer's disease

Currently, Alzheimer's disease (AD) is a multifactorial and markers of the disease. Thus, approximately 25 years ago Hardy
incurable neurodegenerative condition highly prevalent in old et al2 proposed the “amyloid cascade hypothesis”, where AB42
age.! It is widely accepted that brain increase in B-amyloid (AB) ~ was primarily responsible of neuronal damage in AD. However,
levels, mainly AB42, and TAU phosphorylation are the main it has been demonstrated that AB42 cannot completely explain
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the process of neuronal loss in AD because drugs developed
against AB42 do not improve all the related disease symptom-
atology. Thus, alternative hypothesis had been developed,
among them, the neuroinflammatory hypothesis where AD
could be considered as a chronic brain inflammatoryprocess.
Neuroinflammatory responses are characteristic of pathological-
ly affected tissue in neurodegenerative disorders such as
Parkinson disease, epilepsy and AD.? Several evidences have
been found indicating that increased peripheralinflammation
leads to more neurodegeneration and accelerated disease
progression in animal models.*

Inflammation occurs in vulnerable regions of the AD brain,
with increased expression of acute phase proteins and proin-
flammatory cytokines, which are hardly evident in a normal
brain. Glial cells (microglia and astrocytes) are responsible for
the inflammatory reaction through the generation of inflamma-
tory mediators stimulated by AB42 oligomers and plaques
containing dystrophic neurites. Chronically activated glial cells
can contribute to neuronal dysfunction and cell death through the
release of highly toxic products.®

Several studies confirm that the long-term treatment with
non-steroidal anti-inflammatory drugs (NSAIDs) such as
ibuprofen, reduce the risk of AD, delay disease onset, ameliorate
symptomatic severity, and slow cognitive decline.?® However,
an important clinical limitation of ibuprofen, and in general of
NSAIDsclinicaladministration, are the gastrointestinal adverse
effects. These can bereduced by the use ofthe active enantiomer,
dexibuprofen (DXI), which is twice more potent than the
former.” DXI has been assessed on short-term treatment by Jin
and co-workers® on animal models of AD achieving successful
results. In clinical studies, this enantiomer demonstrates to cause
less side effects than the racemic mixture being therefore a good
candidate to prevent AD. However, the typical secondary effects
associated with NSAIDs (such as gastric toxicity) still appeared
in human trials and would increase with long-term
administration.” ™ In addition, due to the low water solubility
of DXI, this drug exhibits many in vivo limitations like
incomplete release, poor bioavailability, food interactions, and
high inter-subject variability.!? Side effects caused by continu-
ous DXIadministration could be overcome by the use of the drug
encapsulated on nanostructured systems. To carry the drug
across the blood—brain-barrier (BBB), facilitate its posology and
avoid undesired side effects, polymeric nanoparticles (NPs) have
been proposed.

Biodegradable polymers such as poly(lactic-co-glycolic acid)
(PLGA) had been approved by the Food and Drug Administra-
tion (FDA) and used as colloidal carriers for drug controlled
release.!’'> Among other carriers, PLGA possess several
advantages such as its biocompatibility, biodegradability and
non-toxicity. Furthermore, these synthetic polymers demonstrate
higher reproducibility, are easily formulated and allow the
control and prediction of the degradation kinetics.! Coating of
PLGA NPs with poly(ethylene glycol) (PEG) represents an
improvement since it increase particles circulation avoiding their
recognition by the reticuloendothelial system.!*

The main goal of this work was the development ofa
formulation for brain delivery of DXI, based on nanospheres
(NSs) composed of PLGA surrounded by PEG chains (DXI-

PLGA-PEG NSs). The suitability of DXI-PLGA-PEG NSs to
treat and prevent inflammation associated with AD has been
demonstrated. In vitro studies of NSs transport across the BBB
were undertakenand invivoeffectivity ofthe developed NSs on
transgenic mice for AD were carried out.

Methods

PLGA-PEG 5% Resomer® was obtained from Evonik
Corporation (Birmingham, USA) and the active compound
S-(+)-Ibuprofen (dexibuprofen) was purchased from Amadis
Chemical (Hangzou, China). Water filtered through Millipore
MilliQ system was used for all the experiments and all the other
reagents were of analyticalgrade.

Nanospheres production

NSs were prepared by solvent displacement method de-
scribed elsewhere.!®> NSs mean size (Z,) and polidispersity
index (PI) of DXI loaded PLGA-PEG NSs were determined by
photon correlation spectroscopy (PCS) using a ZetaSizer Nano
ZS (Malvern Instruments). Measurements were carried out by
triplicate at angles of 180°in 10 mm diameter cellsat 25°C. Zeta
potential (ZP) was calculated from electrophoretic mobility.!®

The encapsulation efficiency (EE) of DXI in the NSs was
determined indirectly. The non-entrapped DXI was separated
using filtration/centrifugation. DXI was measured by HPLC
method as is described on previous publications.!”

Design of experiments

Design of experiments (DoE) was applied to optimize formulation
parameters using a full factorial design.'® Series of independent
parameters and their influences in DXI loaded NSs were studied,
determining the effects and interactions between factors.'®

AscanbeobservedonTable 1, concentrationofeachformulation
compound and pH of the aqueous phase were used as independent
variables and Z.y, P and ZP of the NSs were studied.

Nanospheres characterization

To visualize the optimized DXIloaded NSs, negative staining
was carried out with uranyl acetate (2%) on copper grids
activated with UV light. NSs morphology was determined by
transmission electron microscopy (TEM), performed on a JEOL
1010 microscope (Akishima, Japan).

Storage stability

DXIloaded NSs stability at 4, 25 and 38 °C was assessed
studying light backscattering and transmission profiles by using
Turbiscan®Lab. For this purpose, a glass measurement cell was
filled with 20 mlofsample. The radiation source was a pulsed
near infrared light and was received by a transmission and
backscattering detectors at an angles of 90 and 45° from the
incident beam, respectively. Data were acquired once a month
for 24 h at 1 h intervals.
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Table 1
Design of experiments of DXI loaded NSs.
Independentvariables Dependent varibales
c. PLGAPEG c. PVA c. DXI pH Zay PI ZP EE
(mg/ml) (mg/ml) (mg/ml) (nm) (mV) (%)
Factorial points
F1 1 7.5 -1 12.0 -1 1.5 -1 3.8 212.6 £ 1.0 0.166 £0.016 -11.1+0.3  91.06
F2 1 7.5 1 18.0 -1 1.5 1 5.3 193.8 £ 1.0 0.057 £0.013 -12.3+0.5 81.22
F3 -1 4.5 -1 12.0 1 4.5 1 5.3 170.2 £ 1.0 0.055+£0.010 -6.3+0.7 90.81
F4 -1 4.5 1 18.0 1 4.5 1 5.3 166.4 £ 1.3 0.074+0.021  -99%09 99.99
F5 -1 4.5 -1 12.0 -1 1.5 1 5.3 161.6 £ 0.7 0.085+0.001 -9.0£0.3 88.13
F6 -1 4.5 1 18.0 1 4.5 -1 3.8 168.5 £ 1.1 0.091+0.032 -8.4%0.6 97.73
F7 1 7.5 -1 12.0 1 4.5 1 5.3 192.4 £ 1.0 0.052+0.019 -83+1.7 94.38
F8 1 7.5 1 18.0 1 4.5 -1 3.8 222.1+£29 0.171+0.066  -3.2+4.3 97.99
F9 -1 4.5 -1 12.0 1 4.5 -1 3.8 103.2£9.6 0.369+0.547 -0.1£0.3 95.40
F10 1 7.5 1 18.0 -1 1.5 -1 3.8 249.6 £5.3 0.205+0.018 -17.1+0.6  96.47
F11 -1 4.5 1 18.0 -1 1.5 -1 3.8 260.7+11.0 0.314+£0.012 -12.5+1.1 9536
F12 -1 4.5 1 18.0 -1 1.5 1 5.3 163.9 £ 0.6 0.060 £0.018  -7.4£0.8 92.78
F13 1 7.5 -1 12.0 -1 1.5 1 5.3 199.4 £10.4 0.203+0.029 -11.7+04  87.18
F14 1 7.5 1 18.0 1 4.5 1 5.3 293.6 £ 6.7 0.235+0.039 -15.1+0.9 96.82
F15 -1 4.5 -1 12.0 -1 1.5 -1 3.8 1854 +£1.3 0.053+0.015 -8.6%0.8 93.16
F16 1 7.5 -1 12.0 1 4.5 -1 3.8 196.5 £ 0.9 0.068 £ 0.006  -5.9%0.5 93.04
Axial points
F17 0 6 0 15.0 0 3.0 -1.68 3.2 181.3+ 1.1 0.069 £0.027  -8.1+3.7 97.94
F18 0 6 -1.68 10.0 0 3.0 0 4.5 177.8 £ 1.1 0.060 £0.009 -12.4+0.5 95.23
F19 -1.68 3.5 0 15.0 0 3.0 0 4.5 196.9 £2.7 0.207 £0.014 -10.3+0.5 94.35
F20 0 6 0 15.0 0 3.0 0 4.5 204.7 £ 4.1 0.151 £0.027 -9.4+0.7 88.69
F21 0 6 1.68 20.0 0 3.0 0 4.5 310.7£21.8 0.197 £0.046 -12.9+0.5 96.42
F22 0 6 0 15.0 -1.68 0.5 0 4.5 214.7+9.47 0.212+£0.052 -16.2+0.3 8175
F23 0 6 0 15.0 1.68 5.5 0 4.5 227.8+17.7 0.224+0.014 -11.7+0.1  96.77
F24 1.68 8.5 0 15.0 0 3.0 0 4.5 230.4+£20.2 0.191£0.032 -19.0£0.6  99.20
F25 0 6 0 15.0 0 3.0 1.68 5.8 180.1 £ 4.7 0.073+£0.039 -11.9+0.5 9445
Central points
F26 0 6 0 15.0 0 3.0 0 4.5 204.7£0.4 0.151+0.008 -9.4+0.3 88.69
F27 0 6 0 15.0 0 3.0 0 4.5 172.6 £ 1.0 0.083 +0.025 -8.8+0.6 99.19

(oxidized form) after incubating the cells with DXI NSs at different
concentrations for 24 h. Data were analyzed by calculating the percentage
of Alamar blue reduction and expressed as percentage of control. 222

In vitro drug release

An inverse dialysis was performed under “sink conditions”.
This technique is based on the dispersion of the colloidal suspension
in the dialysis medium (buffer solution) at 37 °C.20 At
predetermined time intervals, one sac containing 1 mlof sample
was withdrawn from the stirred release medium and
simultaneously replaced with 1 ml of fresh buffer at the same
temperature.

Akaike's information criterion, AIC, was determined as an
indicator of the model's suitability for a given dataset. The model
associatedtothe smallest AICvalueisconsideredasgivingthe bestfit

In vitro transport across the BBB

Invitro BBB models have become a standard tool to estimate the
ability of drugs to overcome this barrier.2* For co-culture
experiments, bEnd.3 cells were seeded in the apical part of
polycarbonate transwell inserts. A semipermeable filter was placed
and in the basolateral compartment cells from primary cultures of rat
astrocytes were added at a density of 610 cells /ml.2°

Trans-epithelial electrical resistance (TEER) manualmeasurements

ofthesetofdata.l?
Cell culture

Different cell lines were cultured for in vitro studies: cells
derived from rat pheochromocytoma (PC12), mouse microvascular
endothelial cells (bEnd.3 cells) and primary glial cells from
brain rat cortex (astrocytes). PC12 cells were obtained from
Sigma-Aldrich®. Primary cultures of astrocytes were obtained from
bank Gaiker-IK4 culture. Glial cells were from Sprague Dawley
cerebral cortex of newborn rats. The endothelial cell line was
maintained in its specific culture medium.?!

Cytotoxicity studies

The dye Alamar Blue is widely used as indicator of cell
viability.2? Absorbance was determined atA of 570 nm (reduced form)
and 620nm

weretakendailyuntila steadystatewasreached. Tocalculatethe TEER of
eachinsert, (Eq. (1)) wasappliedandvaluesareexpressedinQ- cm?.

TEER ¥4 #Q cell monolayer—Q filter dwithout cellsp]
- filter surface a1p

bEnd.3 cells were co-cultured on the apical part of the inserts
placing astrocytes on the basolateral compartment. Inserts were
removed and placed in new media plates with Hanks +0.5%
bovine serum albumin (BSA). Apical media was removed,
washed with Hanks and DXI loaded NSs were added in the
apical part of the inserts and were left for one hour.
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In order to verify that DXI loaded NSs do not cause
membrane disruption, a low paracellular permeability compound
wasadded and quantified at the end of the study, namely, Lucifer
yellow (LY). Membrane integrity was also determined.

NSs quantification on the basolateral compartment was
carried out measuring PEG chains on a Triple Quadrupole LC/
MS/MS Mass Spectrometer in MRM with a positive mode.
Sourcewas aTurbo Spraya 400 °C and separation module was a
UPLC Acquity. Mobile phase was composed of methanol: water
(0.1% formic acid) and a gradient was applied. Massvariation
was recorded at 710.8 and 89.10 Da. Proton nuclear magnetic
resonance spectra ('H-NMR) was used to confirm that
PLGA-PEG DXI structure after crossing the barrier (supple-
mentary material S1). The spectrum was recorded at 298 Kon a
Varian Inova 500 MHz spectrometer (Agilent Technologies,
Santa Clara, CA, USA).2¢

Cellular uptake

Cellular internalization was measured by labeling the DXI
NSs with Rhodamine. PC12 cells were cultured, collected,
counted and then transferred to a 24-well plate and incubated
overnight. Then the cell culture medium was replaced with
medium containing Rho DXINSs (2.5 mg/ml) and incubated for
apredetermined times (5, 10, 15 and 30 min). After incubation,
suspended NSs were removed and cells were washed trice with
PBS to remove unbound NSs. Cell membranes were perme-
abilized by cell lysis solution and the fluorescence was read by
spectrofluorometric methods.2”

In vivo studies

Male APPswe/PS1dE9 (APP) and C57BL/6 mice agematched
with the same background were used. APP/PS1 animals co-express a
Swedish (K594 M/N595 L) mutation of a chimeric mouse/human
APP (Mo/HuAPP695swe), together with the human exon-9-deleted
variant of PS1 (PS1-dE9), allowing these mice to secrete elevated
amounts of human Ap peptide.28 The animals were kept under
controlled temperature, humidity and light conditions with food and
water provided ad libitum. Mice were treated in accordance with the
European Community Council Directive 86/609/EEC and the
procedures established by the Department d'Agricultura, Ramaderia
iPescaofthe Generalitatde Catalunya. Every effort was made to
minimize animal suffering and to reduce the number of animals
used. Forty animals of 6 month-old, divided into four groups were
used for the present study.

Biodistribution studies

Biodistribution was determined with Rho DXI NSs and 300 pl
were administered by oral gavage. After 24 h, animals were
sacrificed and tissues were weighted, collected, and homogenized.
DXINSsextraction with methanolwas carried outand fluorescence
of Rhodamine was measured by fluorescence spectrometry at Ae
553 nm and Aem 627 nm. Data were normalized with the negative
control from mice treated with saline only.

Long-term treatment in vivo studies

Mice were treated for three months with DXI at therapeutic
doses (50 mg/kg/day)and DXIloaded NSs were administered on

alternate days.?829 NSs volume was calculated for each animal
previously weighted and was administered on a drinking bottle.
Afterwards, NSs drinkingbottle was replaced by untreated water for
24 h.Followinginvivotesting, the animals were sacrificed and at
least 6 mice in each group were used for histological studies.3°

Gastric damage

After treatment, mice were sacrificed and stomachs were
removed, cut and rinsed with ice-cold distilled water. The ulcer
index (UI) was determined.3!:32 The severity of the lesions was
calculated as reported by other authors.? After scoring, the
stomachs were frozen at —20 °C for 24 h. Samples were allowed
tothaw atroom temperature losing the surface mucosa from the
underlying tissue. The mucosa was removed by scrapping with
the edge of a microscope slide, freeze dried and weighted.3?

Morris water maze

The Morris water maze (MWM) test was conducted in a
circular tank. The water tank was colored white ata temperature
of 21 + 2 °C. Awhite platform was submerged in the middle of
the northeast quadrant. Behavioral data were acquired and
analyzed using a computerized video tracking system. The test
procedure consisted of a six-day navigation testing with five
trials per day and a probe trail. Animals were allowed to swim
freely for 60 stoseek the platform and allowed toremain there
for 10s.Ifafter60samousewasnotabletofind the platform, it
was guided to it and left there for 30 s. The probe trail was
performed thedayafterthelasttrainingtest. Thisday, thehidden
platform was removed, and the mice were released from the
southwest quadrant and allowed to swim for 60 s. Results were
calculated individually for each animal.3*

Western blot analysis

Aliquots of hippocampus homogenate were analyzed using the
Western blot method and normalized to GAPDH as previously
described.?>Measurementsare expressed as arbitraryunits.

Immunohistochemistry studies

To elucidate whether the differences in the cognitive behavior
correlate with AD-related pathology on the brain, mice were
anesthetized with sodium pentobarbital and perfused with 4%
paraformaldehyde. Brainswerestoredat4 °Covernightdehydrated
in 30% phosphate-buffered sucrose solution. Samples were
preservedat-80 °C and coronal sections of 20 pm were obtained
by a cryostat (Leica Microsystems, Wetzlar, Germany).

Sections were incubated overnight at 4 °C with the rabbit
antibodies against GFAP (1:2000; Dako, Glostrup, Denmark)
andIBA-1 (1:1000, Wako) and sequentially incubated for 2 h
with Alexa Fluor 594 goat anti-rabbit antibody at room
temperature (1:500; Invitrogen, Eugene, OR, USA). Images
were processed using ImageJ by comparing the different
conditions and quantifying the integrated density.

Staining of B-Amyloid plaques was performed using Thioflavin
S(ThS0.002%, Sigma-Aldrich). Sections were counterstained with
0.1 pg/ml Hoechst 33,258 (Sigma-Aldrich, St Louis, MO, USA).30
Samples were additionally stained with monoclonal anti-BA 1—42
(1:1000; Covance, USA) at 4 °C overnight.3”
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released, was 46.8 + 3.0 min. These results suggest a faster release
as more drug is encapsulated inside the NSs.!7 This would probably
be due to

Samples were visualized using a fluorescence microscope
(BX41 Laboratory Microscope, Melville, NY-Olympus
America Inc). For each image, the proportion of total image
area covered by fluorescently stained p-amyloid plaques was A)

quantified. For each mouse, four fields per section with the apn s
highest dens1t33zgof plaques were chosen as representative _ iins
and averaged. E e
- . 2200
-~ . 2 . 2440
Statistical analysis § =2 220
= - 3160
All of the data are presented as the mean * S.D. Two- Sl
21
way ANOVA followed by Tuke.y post hoc 'test was 5 /{; 519
performed for multi-group comparison. Student'sttest was S5 65 44 1 13
85 95 9 PVA (mg/ml)

used for two-group comparisons. Statistical significance was
setatP<0.05 byusing GraphPad 5.00 Prism.

Results
Design of experiments

Design of experiments (DoE) was used to optimize
formulation parameters in order to obtain small and 30
monomodal DXI loaded NSs (Za., b 200 nm, PI b0.1) able to
cross the BBB. Regarding NSs size, polymer concentration
and PVA amount are the factors presenting a significant
relationship (P b 0.05). Asis shown in Figure 1, A, increasing
both polymer and surfactant concentration leads to higher
NSs Za. The opposite effect was found regarding PI, were high C)

ZP(rnV)
TITTTTN

-S0L,

35 45
S5 65 45 85 o5 o !

PEG-PLGA (mg/ml)

~ DXI (mg/ml)

polymer concentrations produced less NSs size dispersion. : 00
As can be observed in Table 1, ZP values are negative due E gg;
to polymer negative charge. Subse- quently, higher 3012
polymer concentrations lead to more negative surface g —ho
charge being NSs more stable (P b 0.05).17 As is shown in P = 024
Figure 1, B, this parameter is also affected by DXI E 8§3
concentration in an inverse relationship probably due to DXI - 036
masking of NSs surface charge. EE results show that as . -0
DXI amount increased, EE was also higher. This could be 988 oo S s2 57 Lo

probably due to the great polymer entrapment capacity 3 B3 42 *
which is not reached at the studied concentrations and also to

the PEG chains in which the drug remains adsorbed. The

75 g
PEG-PLGA (mg/ml) 95 3. pH

Figure 1. Surface response of DXI loaded NSs. (A) PLGA-

maximum EE was obtained when the pH of the aqueous
phase was similar as the pK, of the drug (DXI pK. 4.65).
However, thispHincreasesNSs PI (Figure 1, C).
With this trend, a formulation was optimized. Optimized
DXI
loaded NSs formulation contains 4.5 mg/ml of DXI, 7 mg/ml
of polymer, alow PVAamount (10.0 mg/ml)and apHof3.8.
NSs were centrifuged at 15000 r.p.m. for 30 min and
observed by TEM (Figure 2) showing a round shape and a
smooth surface.

In vitro release

DXI release data from the NSs were adjusted to
hyperbola equation. Initial release corresponds to a burst
effect, probably due to the drug adsorbed on NSs surface due
to PEG chains.?® DXIrelease from the NSs at 6 h achieves a
maximum plateau (Bmax) at 66.65 £ 1.27%, lower than
free DXI. Dissociation constant (Kq), for DXI loaded NSs,
which corresponds to the time where 50% of the drug is

PEG and PVA concentration influence on NSs mean size,
(B) PLGA-PEG and DXI concentrations influence on NSs ZP
and (C) PLGA-PEG concentration and pH influence on NSs
PI.

the fact that after 6 h, the NSs are still achieving a
sustained drug release whereas after 2 h free DXI
was completely released.

Storage stability

Storage stability assays at different temperatures
showed that DXI loaded NSs were stable for two
months at 25 and at 4 °C. In Figure 3, A and B,
backscattering and transmission profiles at each
temperature could be observed. It could be noticed
that samples are unstable within two months
(differences of backscattering above 10%).4° As
was shown on previous publications, samples
present high levels of instability at 38 °C at the end
of the first month (Figure 3, C) due to polymer
degradation processes.!” These results are in
agreement with those obtained by other authors for

87



Results

S = DXINSs
< 100
= Free DXI
2 8
S 3
& 6o
3
8 40
e
)
X
O o . . ; ,
0 100 200 300 400

time (min)

Figure 2. Invitro drug release of free DXI (adjusted to first order exponential
kinetics) against DXIloaded NSs (adjusted to hyperbolaequation) and NSs TEM.

Cytotoxicity assays

Cell viability was studied in both astrocytes and bEnd.3 cells
prior to invitro transport experiments. In addition, cytotoxicity
was assessed in PC12 cellline.4142 As is shown in Figure 4, A,
in all the cell lines assessed, cell viability was higher than 80%,
thus meaning that DXI loaded NSs do not damage neither
endothelial brain cells nor neuronal cells in any of the assessed
concentrations. These results suggest that the development
would be biocompatible with brain cells.*?

In vitro BBB transport

Co-culture systems effectivity to predict the transport of drugs
across the BBB has been demonstrated by other authors.2* Graphical
evidence of the NSs on the basolateral compartment after 1 h of
incubation could be observed in Figure 4, B. In addition, H!-NMR
results show that both NSs peaks and DXI were present on the
basolateral media (supplementary material S1).

According to LY used as a control, NSs at 2.5 mg/ml do not cause
damage on the cells forming the BBB being able to preserve
membrane integrity. 31.4% of the initial NSs remain inside the cells
barrier. DXI was quantified on the basolateral and apical compart-
ments, 28% of the drugwas retained by the cells within one hourand
drugendothelial permeability coefficient, P, was 0.99 cm/s.

Cellular uptake

In order to elucidate if the developed NSs would be able to be
internalized by the cells, NSs were labeled fluorescent with
Rhodamine (Rho). Fluorescence was measured after cell lysis at
different times for both Rhodamine and DXI as is shown in
Figure 4, C. DXINSs were found to penetrate almost 100% after
the first 5 min of incubation and therefore, DXI would be
released inside the cells. In addition, a decreasingin free Rho
uptake confirms that the cellular uptake was not due to the
additional fluorescent coating.

Biodistribution studies

24 h after Rho DXI NSs administration by oral gavage, a
considerable amount of NSs remain on the liver (supplementary
material, S2). However, developed NSs were found also on the brain
(0.37 mg/ml NSs/ g tissue). PEGylation of PLGA NPs post-oral
administration demonstrated to increase transport across the BBB.#
PEGylated NPs have been reported to promote mucus penetration
andincreasedrughalf-life,in this case, after24 h, NSsremainin the
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Figure 3. DXIloaded NSs backscattering and transmission profiles stored at
different temperatures. (A) 4 °C, (B) 25 °C and (C) 38 °C.

brain.* Despite this fact, accumulationcan be observed on the liver
probably dueto the elimination route ofthe nanosystemsviauptake
of Kupffer cells.
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Morris water maze and Western blot analysis

The effect of DXI loaded NSs and free DXI on the
spatial learning and memory deficits in APP mice were
conducted using the MWM test.

Escape latency of all groups trough the training days
is supplied as supplementary material (S3). A clear trend
could be established toward mice learning where untreated
and free DXI treated groups showed similar learning
capacities whereas DXI loaded NSs group present an
evolution more similar to WT groups. In Figure 5 results
corresponding to the probe trail could be observed. In Figure
5, A, statistically significant differences were obtained
regarding escape latency between transgenic groups treated
either with free DXI or DXI loaded NSs compared with
untreated APP animals. In addition, escape latency media
corresponding to DXI loaded NSs was lower than the
obtained for the free drug.

Regarding the percentage of time spend in the platform
zone (Figure 5, B), DXI loaded NSs spend higher percentages
on this area whereas transgenic control group show no
tendency to find the platform. Significant differences were
obtained compared with the untreated groups with DXI
loaded NSs, whereas free DXI do not shown significant
values. The number of times that

the animals cross the platform zone is supplied as supplementary
material S4. In this parameter, also significant differences are
observed with DXIloaded NSs and untreated transgenic groups.
The same tendency but without statistical differences was
observed for the number of entries on the platform (supplemen-
tarymaterial S5). Interestingly, our Western blotresults, showed
in Figure 5, C and D, demonstrated that DXIincreases the levels
ofmonophosphate response element-binding protein (p-CREB).

Gastric damage

As can be observed on Figure 6, A, DXI NSs did not shown
significant differences on gastric damage compared with control
group. Free drug produced an increase on stomach lesions
compared with DXINSs and control group. Similar results were
obtained measuring the mucosal weight showing that free DXI
produce significant differences against control group (Pb0.05) as
can be observed on Figure 6, B.3?

Immunohistochemistry studies

The formation of Ap plaques, which is a pathologic hallmark
of AD, could be observed by Thioflavin-S staining. Figure 6, A
shows results corresponding to amyloid plaques counting of
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APP/PS1 mice on brain cortex. ThS staining was negative for
WT groups indicating the absence of fibrillar AB.46 APP mice
treated with DXI loaded NSs developed a certain number of
plaques, which levels were significantly lower than those
obtained for the rest of transgenic groups (Pb0.001), including
free DXIgroups.Inaddition, as canbeobservedinFigure6,B,
plaques developed by free DXIor DXIloaded NSs groups were
smaller than the untreated APP group.

Glial cells are the source of released cytokines, which are
implicated in the formation of AB plaques on AD development.*”
GFAP reactive cells had been defined as an indicator for astrocyte
activation and, as is shown in Figure 7, A and C, the number of
reactive cells on the hippocampal brain sections of animals treated by
DXIloaded NSs waslower thanthe untreated transgenic group. The
same results, presented on Figure 7, B and D, were obtained
regarding microglial activation (IBA1) showing DXI NSs significant
differences (Pb0.05) with the untreated transgenic groups. In
addition, non-significant differences were obtained between DXI
loaded NSs and DXI administered continuously.

Discussion

Current therapeutic strategies for AD, suggest that modula-
tion or prevention of chronic neuroinflammation process could
beasuitable target for AD prevention. Inthe presentmanuscript,
we have demonstrated in APP/PS1 mice that DXIloaded NSs

have a beneficial effect on key markers of AD namely AB plaque
formation, glial activation and memory impairment.

The BBBiis one of the most restrictive barriers of the body
allowing only small molecules such as the developed NSs to
crossit. With the purpose toachieve brain drugrelease upon oral
administration, DoE was applied to establish useful trends in NSs
behaviorin order to obtain a suitable formulation. To obtain NSs
Za below 200 nm with high EE, an intermediate PLGA-PEG
concentration and a high drug amount were chosen. The
optimized NSs showed EE N 99%, Z.,b 200 nm and a narrow
monomodal population. The in vitro prolonged release of DXI
from the NSs could contribute toward a decrease of the drug
regime dosage and reduced side effects such as gastric toxicity,
both improving patient adherence to the treatment.

Cytotoxicity studies confirm that the developed formulation
does not affect cell viability neither on the cells of the BBB
(bEnd.3 and astrocytes) or in neuronal cells (PC12). In vitro
transport across the BBB experiments, showboth DXI loaded
NSs safety toward the BBB structure without compromising
barrier's limited permeability and also suggest that the DXINSs
produced a prolonged release. These results, along with the in
vitro drugrelease suggest that NSs would release the drug slowly
and part ofthe NSs would cross the BBB during the first hours of
administration, as is confirmed by H!-RMN and TEM.
Ibuprofen is reported by other authors*® to be poorly distributed
to the brain with P,y values oscillating between 0.31 and 0.41.
To overcome this, optimized NSs would increase free drug Pe
proving to be beneficial for brain delivery regarding free drug
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formulation.*®4° This could be due to the flexibility of
PEG chains which act as a protective shield on the particles
surface giving them the so-called stealth properties.5
Accordingtoother authors, PEGylated PLGA NSs would enter
laterinto the cells by claritin-mediated endocytosis.5°

Biodistribution assays demonstrate that NPs are able to
cross the BBB and remain in the brain 24 h after
administration. Dueto the higher surface area of the NPs
and the increased mucoadhesitvity is probable that they
are captured by the mucouslayerofthe Gl tractand theyare
endocited and arrive to the brain via systemic circulation. High
concentrations founded in the liver demonstrate that the
elimination route would be via hepatic circulation. In
addition, DXI NSs decrease gastric damage produced by
the free drug.

In vivo experiments carried out comparing transgenic
mice either without treatment or treated with the free drug or
with DXI loaded NSs administered on alternate days showed
that DXI NSs were more effective on spatial memory
improvement than free DXI or untreated animals. In short,
these results demonstrated that DXI loaded NSs could
improve memory impairment compared to both free DXI
and untreated transgenic groups. These positive results of
DXI NSs against the free drug can be attributed to drug
encapsulation and prolonged release into PEGylated NSs
since PEGylation contributes to increase transport
across the BBB.50:51

In brain cortex, DXI loaded NSs induce a significant
amylogenesis decrease, which is one of the hallmarks of AD.
Although the mechanism by which inflammation reduction
inhibits amylogenesis has not been completely elucidated, aclear
relationship is well known between A plaques development
and both astrocytes and microglial activation.*’In the central
nervous system, astrocytes and microglial cells are the main
types of cells in the inflammatory response.*In a non-activated
state (physiological conditions) glial cells are of great importance
for neuronal plasticity processes and Ap clearance and
degradation. However, under certain conditions related to
chronic stress, the role of glial cells may not be beneficial.
Effectively, activation of glial cells induces morphologic
changes, releasing cytokines, and neurotoxic agents that can
worsen brain damage.® Interestingly, we demonstrated thatbrain
glial activation in APP mice is prevented effectively by DXI
loaded NSs administered on alternate days. These results are in
agreement with those obtained for microglial inflammation
reduction. Since AB42 oligomers and their precursor APPare
potent glial activators, our data reinforce the potential chronic
application of DXI loaded NSs in AD prevention. Obtained data
indicate that DXIloaded NSs, prevent amylogenesis induced by
neuroinflammatory processes byblocking cytokines release and
glial activation.*” These results are in accordance with
behavioral assays, indicating that DXI restored cognition by
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inhibiting the neuroinflammatory response associated with AD
thus decreasing insoluble amyloid plaques and interestingly at
the molecular levels through the increase of p-CREB. These
data are relevant because an increase in p-CREB levels leads to
the transcription of memory-associated genes such as c¢-fos,
ARC, BDNF that are involved in the process of learning
and memory. >

In summary, the current study shows that treatment with DXI
loaded NSs represent an improvement for AD neuropathological
markers, mainly a significant reduction of brain A3 accumula-
tion, glial activation and improved cognitive performance in
APP mice. In addition, DXI loaded NSs were safe for brain cells
and suitable for oral administration. Pegylated NSs were capable
of increasing drug permeability across the BBB without cause
disruption of the barrier. Thus, we suggest that DXI loaded NSs
could be a suitable and safe strategy for a chronic treatment for
AD prevention.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nan0.2016.12.003.
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Memantine-Loaded PEGylated Biodegradable Nanoparticles

for the Treatment of Glaucoma
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Nivedita Ravindran, Miren Ettcheto, Antonio Camins, Maria Luisa Garcia,

and Maria Francesca Cordeiro*

Glaucomais a multifactorial neurodegenerative disease associated with retinal
ganglion cells (RGC) loss. Increasing reports of similarities in glaucomaand
other neurodegenerative conditions have led to speculation that therapies for
brain neurodegenerative disorders may also have potential as glaucoma thera-
pies. Memantineis an N-methyl-d-aspartate (NMDA) antagonist approved for
Alzheimer’sdiseasetreatment. Glutamate-inducedexcitotoxicityisimplicatedin
glaucomaand NMDAreceptor antagonismis advocatedas apotentialstrategy for
RGC preservation. This study describes the development of a topical formulation
of memantine-loaded PLGA-PEG nanoparticles (AEM-NP) andinvestigates the
efficacy of this formulation using a well-established glaucoma model. MEM-NPs
<200 nm in diameter and incorporating 4 mg mL~' of memantine were prepared
with0.35mgmL""localizedtothe aqueousinterior. Invitroassessmentindi-
catedsustainedrelease from MEM-NPs and ex vivoocular permeation studies
demonstrated enhanced delivery. MEM-NPs were additionally found to be well
tolerated in vitro (human retinoblastoma cells) and in vivo (Draize test). Finally,
when applied topically in arodent model of ocular hypertension for three weeks,
MEM-NP eye drops were found to significantly (p < 0.0001) reduce RGC loss.
Theseresultssuggestthattopical MEM-NPissafe, welltolerated, and, most

1. Introduction

Glaucoma is a multifactorial neurodegenera-
tive disease and the second leading cause of
vision loss worldwide.[!l Although the exact
mechanism of glaucoma pathologyis debat-
able,>%the disease induces damage to optic
nerve axons thus resulting in progressive
loss of retinal ganglion cells (RGC). Elevated
intraocular pressure presently remains the
only clinically modifiable risk factor for glau-
coma and, therefore, traditional therapeutic
strategies seek to reduce elevated intraocular
pressure (IOP). However, there are patients
who suffer glaucoma and vision loss with
normotensive IOP values.*! Although ithas
been shown that there is some improvement
in the course of the disease in normotensive
glaucoma (NTG) patients by loweringthe
IOP, there is growing recognition that IOP
reduction alone is not adequate in some

promisingly, neuroprotective in an experimental glaucoma model.

patients who continue to lose vision despite
well-controlled IOPs.[*5l As a result, there
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has been widespread research on IOP-independent neuroprotec-
tive strategiesl® for glaucoma patients.!” Increasingly, there has
been a recognition that similar mechanisms of cell death occur in
glaucoma and Alzheimer’s disease (AD), including dysregulation
of neurotrophic growth factors, caspase activation, and glutamate
excitotoxicity.l®l Therapies advocated in AD have also been sug-
gested for glaucoma. One such treatment is the NMDA (N-methyl
a-aspartate) receptor antagonists memantine (MEM).[%)

MEM is a neuroprotective agent approved by the FDA for
the treatment of AD that acts by inhibiting NMDA-induced
glutamate excitotoxicity; it may also prevent RGC death in
glaucoma.! Although preclinical data previously suggested a
potential clinical benefit of orally administered MEM for the
treatment of glaucoma,!'% the efficacy of this route of MEM
administration is limited, and may have contributed to the
results of a phase Il clinical trial in glaucoma which apparently
failed in meeting its primary endpoint.['1-12

Akeychallenge forMEMin glaucomais the development of
a safe and effective means of long-lasting delivery of MEM to
the back of the eye.!'3/ Incorporation of MEM into a nanopar-
ticle drug delivery systems could provide a strategy to enhance
the efficacy of this agent by increasing concentrations in target
retinal tissues whilst reducing the risk of side effects associated
with systemic dosing regimens.!'* Nanocarriers have also been
shown to enable loaded drug molecules to penetrate to poste-
rior ocular tissues by promoting drug delivery across anterior
ocular barriers including the lipidic tear film and corneal epi-
thelial barrier and increasing drugresidency time after eye drop
instillation.'>-17] Poly(lactic-co-glycolic acid) or PLGA is pres-
ently the most widely used biocompatible and biodegradable
polymer in the field of nanocarrier systems. It is FDA approved
and is reported safe for the delivery of ophthalmic agents.[!8]
Moreover, polymeric PLGA nanoparticles (NPs) have been
reported to facilitate the sustained delivery of other existing
IOP-lowering agents to intraocular tissues.!!”/ Previously, PLGA
has been covalently attached to hydrophilic polymers such as
polyethylene glycol (PEG) due to its hydrophilicity and biocom-
patibility. This was found to enhance nanoparticle mucoadhe-
sion byincreasingresidency time on the ocular surface. ']

In this study, we sought to develop a novel biodegradable
PLGA-PEG nanoparticle formulation of MEM which could be
applied as an eye drop once a day. Topical administration is
favored over subtenon or intravitreal implants owing to nonin-
vasiveness, reduced risk of side effects, ability to self-administer
and inherent socioeconomic costs.!'32% Encapsulation of MEM
in MEM-PLGA-PEG NPs was achieved using a double emulsion
method. Stability, in vitro and ex vivo release of the constructed
nanosystems were determined prior to assessing the neuropro-
tective activity of optimized formulations in a well-established
rodent model of ocular hypertension.

1. Results

1.1. Preparation of aHomogeneous Nanoparticle Suspension
of PLGA-PEG-Memantine Using the Double Emulsion Method

MEM-NP were developed using a double emulsion method
using ethyl acetate as the organic solvent due to its partial
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Figure 1. Characteristics of memantine-loaded nanoparticles inresponse
to changes in pH of wi and wz phases. Results from DoE experiments
regarding the influence of pH on double emulsion solvent evaporation
method. The effect of pH on mean MEM-NP A) diameter, B) polydisper- sity
(P1), and C) Encapsulation Efficiency (EE) was investigated.

water solubility and reduced toxicity compared to dichlo-
romethane (class III and II, respectively according to ICH
specifications).?!l Design of experiments (DoE) was used to
obtain a suitable formulation for eye delivery studyingthe
modifications of pH and composition of the two aqueous
phases (w1 and w2). As shown in Figure 1A, smaller MEM-NP
average size (Zav) were obtained as the pH of the w1 phase
was similar to drug pKa (10.7). A reduction in polydispersity
index (PI) was also observed by maintaining wi under alkaline
conditions thus favouring MEM-NP homogeneity (Figure 1B).
Encapsulation efficiency (EE) was also found to be maximal
(80.6%) at w1 pH 11 and w2 pH 6.5 (Figure 1C). EE values
~80% were obtained with a4.5 pH difference between the two
phases, meaning the nanoparticles incorporated 4 mg mL™!
of memantine and this formulation was used in subsequent
experiments (F6, Table1).
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Table 1. Characteristics of memantine-loaded nanoparticles. Design of experiments matrix and results according to central factorial design to study
pH influence of the inner and external water phases (MEM-NP prepared with 20 mg mL™! PLGA-PEG and 5 mg mL™! of MEM).

pH wy pH w, Z,, [nm] Pl ZP [mV] EE [%]
Factorial points
F1 12.0 +1 35 -1 234.0+0.6 0.09 +0.02 —5.67+0.28 78.45
F2 12.0 +1 6.5 +1 225.4+1.2 0.04 +0.02 —5.65+0.12 79.60
F3 12.0 +1 5.0 0 197.9+ 3.64 0.03 +0.02 —-5.17 £ 0.06 79.43
F4 10.0 -1 6.5 +1 221.3+4.01 0.18 +0.02 -5.19+0.16 80.81
F5 10.0 -1 35 -1 268.3+4.83 0.21+0.02 —5.87+0.19 79.03
Fé 1.0 0 6.5 +1 193.1:0.42 0.05 £ 0.01 -4.41 £ 0.15 80.64
F7 11.0 0 3.5 -1 196.1+3.33 0.04 +0.01 —4.39+0.26 78.40
F8 10.0 -1 5.0 0 198.7 £ 3.03 0.12+0.01 —4.82+0.61 77.86
Center points
FS 11.0 0 5.0 0 217.9+15 0.11+0.02 —5.03+0.33 80.34
F10 11.0 0 5.0 0 219.5+2.4 0.14 +0.01 -5.08+0.24 79.99

Optimized MEM-NP were found to have a mean diameter
<200 nm after centrifugation, a PI suggesting formulation
homogeneity (0.078 £ 0.018), characteristic of the mono-
disperse systems (PI < 0.1) and a sufficiently negative zeta
potential (ZP) to suggest the NP dispersion may be stable
in solution (-26.5 mV, the negative charge increased after
centrifugation due to PVA removal). Using dynamic light
scattering,!??l particles were found to be monodisperse,
with a mean diameter of 141.8 nm (Figure S1A,B, Sup-
porting Information). Results were supported by transmis-
sion electron microscopy (TEM) observations, the struc-
ture of MEM NPs was distinct from the structure of crys-
talline memantine (Figure 2A,B). MEM-NP were found to
be spherical and well dispersed with a mean diameter of
78.51 £ 11.01 nm (supplementary material Figure 3C).
AFM results supported this observation with smooth
spherical NPs with a mean horizontal and vertical distance
of 89.8 and 98.08 nm respectively (Figure 2C,D). Differen-
tial scanning calorimetry (DSC) thermograms are shown
in Figure 3A,B. The exotermic peak observed during the
cooling process of the sample correspond to MEM NP
freezing temperature. The freezing onset is —15.99 °C and
after freezing and heated MEM NP showed a glass
transition temperature (Tg) endotermic peak at 9.69 °C.
Furthermore, MEM NP and empty NP were compared
without the cooling process. The thermograms of MEM NP
showed that the Tg(56.39°C)is slightly increased compared

with empty NP (52.85 °C). The proton nuclear magnetic

resonance (‘H-NMR) profile of MEM-NPs, empty nanopar-
ticles and empty nanoparticles spiked with memantine are

shown in Figure 3C. Here, D20 was used as a solvent, with

a reference peak (0= 0) from the methyl signal of trimethyl-
silyl propanoic acid (TMSP).I?®l Compared to MEM-NP, or
empty nanoparticles characteristic memantine peaks were

observedin MEM-NPspectra (2.2, 1.4,and 0.9 ppm).?**'The
profile of empty nanoparticles is comparable to that previ-
ously reported in the literature, with characteristic peaks

of the lactic acid respectively.[?>26 As is shown in Figure 3B,
one of the striking features is a large peak at 3.7 ppm due to
the methylene groups of the MePEG.?223:27 Traces of ethyl
acetate were observed in the sample, with peaks at 4.1 and
1.24 ppm corresponding to the ethyl quadruplet and methyl
triplet of CH2CHs respectively, Nevertheless, these traces
are not able no cause ocular irritation.??!

1.1. PLGA-PEG Nanocarriers Encapsulate Memantine
and Demonstrate an Element of Sustained Release

The backscattering profile for MEM-NPs maintained at 25 °C
for 24 h is shown in Figure 4. Except for peripheral peaks at
the vial edges, a constant signal around 38% could be observed
throughout the study without variations higher than 10% thus
indicating good short-term stability of the formulation.? In vitro
release of memantine fit well (R*=0.976) to a single phase expo-
nential association equation (Equation 1) liberating all meman-
tine within 4 h with a half-life of 0.74 h (Figure5). Toassess the
proportion of memantine that had been incorporated intothe
aqueous interior of the double emulsion compared to the sur-
rounding hydrophobic (oil phase) milieu in vitro release from
MEM-NPswas fit toaone-phase (Equation 1) or two-phase expo-
nential association equation (Equations 1 and 2, respectively!?”))
constraining the fast half-life as that for free memantine

Y=Yo+(P-Yo) ¢1-exp(-K %)) (1)
Se=(P-Y,) F0.01
S.=(P-Y,)(100 — F% 0.01 2

Y=Yo+Sr * (1-exp(-K#X))+Ss (1-exp(-Ks * X))

around 4 and 1.7 ppm corresponding to the CH of lactic
acid and methylene groups of the glycol and methyl groups
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775 nm

Figure 2. Transmission electron microscopy and Atomic force microscopy of MEM NP. A) Micrograph confirming the crystalline structure of free
memantine, B) TEM micrograph illustrating the spherical structure of memantine-loaded nanoparticles (MEM-NP), scale bar of B.1) corresponding to 500
nm and B.2) 1 um. C) 2D AFM microsgraph MEM NP, D) 3D analysis corresponding to the 2D micrographs.

components, respectively, and F describes the percentage of
signal due to the fast phase.

The best fitting model was determined to be Equation 2
using an extra sum of squares F-test (F=45.41, p <0.0001),
with aslow half-lifeof6.0h (R?=0.9828). This result suggests
a portion of the memantine contained within MEM-NPs has
been successfully incorporated into the aqueous interior of
the double emulsion. Using (Equation 2) the proportion of
memantine in this slow release fraction was estimated to be
8.68% which equates to~0.35 mg mL! of the total incorporated
memantine. As free memantine in solution was removed from
MEM-NPs prior to conducting this assay, the fast release frac-
tion is likely to be memantine rapidly liberated from the nano-
particle oil phase. This may explain why the greatest encapsula-
tionof memantine was achieved at the pKofthis drugwhereit
has no overall charge and at its most lipophilic.

1.1. Ex Vivo Corneal and Scleral Permeation Studies
Ex vivo corneal and scleral permeation studies were carried out

up to 6 h (Figure 5B,C). MEM-NP depicted a slower drug release
on scleral tissue than on the cornea. The slope for corneal per-

meation was 6.64 +0.17 pgcm?h~! whereas the slope for scleral
permeation was 0.23+0.01 ugem?h!. Lag time (T1) was almost
null in both tissues, suggesting that MEM-NPs achieve the
steady-state in the ocular tissue within a few minutes after its
application./** The permeability coefficient (Kp) was 0.01 cmh™!
forcorneaand 2.79-10*cmh'forscleral. On both cases, the
parameter was highly influenced by P» (Kp = P1-P2). P2 corre-
sponds to the partition coefficient inside both tissues although,
as demonstrated in previous publications, PLGA-PEG NP show
significant corneal tropism, with a suggestion that memantine
could be released slowly from within the cornea.l*!/In addition,
free drug retention in corneal tissue was 0.01 ug mg ! whereas
in sclera it was tenfold higher (0.11 pgmg™!).

1.2. InVitro Cytotoxicity and In Vivo Ocular
Tolerance Assessment

In order to assess the safety of the produced MEM-NP, cell via-
bility studies were carried out using retinoblastoma (Y-79) and
keratinocytes (HaCaT) cells. As can be observed in Figure 6A,
MEM-NPat24or48hofexposuredid notcauseareductionin
cellviability, whereas free memantine was found to be cytotoxic
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Figure 3. A) DSC curves starting at 25 °C (freezing until —80 °C and heating until 25 °C at 10 °C min~*) and B) DSC curves of MEM NP and empty NP starting
at 25 °C and heating until 300 °C (heating rate 10 °C min~%). C) *H-NMR spectra of nanoparticles spiked with memantine, memantine-loaded nanoparticles,
and empty nanoparticles.

at 50 x 10"°M after 48 h (p < 0.001) but not 24 h of cell con-  to differences in cell metabolism. In contrast to the free drug,
tact. The free drug also showed toxicity in retinoblastoma cells ~ MEM-NP did not show toxicity in any of the assessed concen-
after short-term exposure (Figure 6B). These differencesin  trations, with cell viability values greater than 80%, possibly
exposure time and toxicity indifferent cell linesmightbedue  related to the polymeric matrix slowing memantine release and
reducing cell exposure to cytotoxic concentrations.

—_2 — 3 14 20 In vitro ocular tolerance was assessed using the Hen’s egg

0 _— — 10 — 16 29 test chorioallantoic membrane (HET-CAM).*? Addition of
P - - 12 e 1R 24 0.9% saline solution to healthy membranes was used as a nega-

404 contrast, application of a severe irritant (1 m sodium hydroxide)

induced immediate and severe hemorrhages, which served as a

positive control (Figure 7A). The application of 0.3 mL of free

Zﬂ_f memantine onto the chorioallantoic membrane, induced small

hemorrhages (Figure 7B) suggestive of mild irritation. In con-

trastinstillation of the same volume and concentration of MEM-

NPs was found to be well-tolerated and induced no detectable

0 T w T irritation (Figure 7C,D).1*3l Upon completion of these in vitro

0 10 20 =0 tests, a tolerance assay was conducted in male albino rabbits.

Height (mm) Similar to the in vitro result, MEM-NP had a low ocular irritation

Figure 4. Backscattering profile of memantine-loaded nanoparticles  index (OII) and were therefore classified as nonirritant, whereas

demonstrates the formulation remains stable when stored at room tem-  administration of free memantine was found to induce a degree
perature for 24 h. ofinflammation, and was therefore classified as slightlyirritant.

ﬁ\' tive control which produced no adverse effects after 5 min. In
)
|
|

Backscattering (%)
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Figure 5. In vitro release of memantine and ex vivo permeation assays. A)

In vitro release of free memantine (MEM) versus memantine-loaded nano-

particles (MEM-NP) adjusted to the best fit kinetic models (single-phase exponential association (Equation 1) or two-phase exponential association
(Equation 2) respectively. Ex vivo assessment of the B) corneal and C) scleral permeation of MEM-NPs.

1.1. MEM-NPs are Neuroprotective in a Rodent Model
of Ocular Hypertension

After unilateral induction of the Morrison’s ocular hyperten-
sion model in Dark Agouti (DA) rats, two drops of MEM-NP
were administered daily for 3 weeks. Peak IOP was observed
1dafter surgery, and IOP elevation was sustained for atleast
7 d (Figure 8A). The IOP profile was comparable between
MEM-NP and ocular hypertension (OHT) control groups (20.59
+3.81and 19.81+0.93 mmHg, respectively) suggesting that
MEM-NP therapy did not affect IOP.

Surviving RGC were visualised histologically in retinal flat
mounts using the RGC specific nuclear-localized transcrip-
tion factor Brn3a (Figure 8B). Quantification of RGC popula-
tions was completed using an automated script as previously
described.** Global RGC density was significantly diminished
in the untreated OHT group versus naive controls (p <0.001,
Figure 8A). Treatment with MEM-NP was found to signifi-
cantly protect against OHT induced RGC injury in this model
(p < 0.001), suggesting it was neuroprotective in a nonlOP-
dependent manner.

2. Discussion

In the present work, we developed a novel MEM-NP formu-
lation using DoE in conjunction with a double emulsion
method. MEM-NPs were found to be homogeneous with an
average diameter <200 nm (141.8 nm) with high drug loading

(4 mgmL™). Incorporated memantine was found to be local-
ized at the particle surface and interior using in vitro release
assays. As a single parameter cannot be used to adequately
describe the sample distribution,®* sub-200 nm particle size
and spherical shape was confirmed using dynamic lightscat-
tering (DLS), TEM, and AFM investigations, suggesting this
formulation would be unlikely to cause ocular irritation. 3!
MEM NP were found to be well tolerated using a number of
established in vitro and in vivo assays and these results sug-
gest that topical MEM-NP s safe and well-tolerated formulation
with neuroprotective activity in a well-established experimental
model of glaucoma.

The MEM-NP formulation comprised a PLGA-PEG poly-
meric matrix which was synthesized using a modified double
emulsion method. This technique was used due to its suit-
ability for the encapsulation of hydrophilic compounds, mini-
mizing the escape of these molecules from the aqueous core
so increasing formulation stability, one of the main drawbacks
of hydrophilic drug loading into liposomes.!l Thegreatest
memantine encapsulation efficiency was observed using pH
values of w1 similar to memantine pKa (10.7, ChemAxon). A
possible explanation for this observation is that memantine is
most hydrophobic at its pK, maximizing solubility in the nano-
particle oil phase. This suggestion is supported by subsequent
in vitro release assays which estimate that of the 4 mg mL™!
memantine incorporated into the formulation, 0.35 mg mL™!
was released slowly from nanoparticles (suggestive of encap-
sulation within the aqueous interior), while 3.65 mg mL™! was
released ata similarrate to free memantine. As unencapsulated
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Figure 6. Memantine-loaded nanoparticles are well tolerated by epithelial and neuronal
cultures in vitro. Cell viability was assessed using the Alamar blue viability assay with the

A) keratinocyte cell line and B) retinoblastoma cells. Values are expressed as mean + SD.
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memantine was removed from the formula-
tion prior to in vitro assessment, we propose
that the more rapidly released fraction was
insteadliberated from the lipophilic nanopar-
ticle component. As a result, while 4 mg mL!
of drug was incorporated into the formula-
tion, 0.35 mg mL! of this material was incor-
porated within the aqueous nanoparticle core
(the slower release fraction) and this may
be the more relevant value to compare with
other formulations. After confirming the
release profile of the MEM-NPs, sclera and
cornea of rabbits were used to investigate the
permeation of formulated memantine across
intraocular barriers. MEM-NP corneal pen-
etration was found to be higher than scleral
permeation but, interestingly, the amount of
memantine found within scleral tissue could
suggest that administration of MEM-NPs
results in the formation of a drug reservoir
in the sclera from which memantine diffuses
into intraocular tissues.

DSC results supported encapsulation of
MEM as aresult of the increase in Tzobserved
on drugentrapment. The increasing of Tgof
the polymer could be attributed to the incor-
poration of an alkaline drug, which causes
interactions between the carboxylic groups of
the polymer. In addition, results suggest that
this formulation will be amenable to freeze-
dried.l¥" In vitro cell viability studies were
performed demonstrating that MEM-NPs
were better tolerated than free memantine
by epithelial and neuronal cultures. Results

[Dlg

Formulation Classification

Free MEM HET-CAM 1.85£0.15 Slightly irritant
Draize 4.00 + 1.00 Slightly irritant

MEM-NP HET-CAM 0.13 £ 0.01 Non-irritant
Draize 0.00 £ 0.00 Non-irritant

Figure 7. Ocular tolerance assessment of memantine and memantine-
loaded nanoparticles. HET-CAM test results 5 minutes after exposure of
0.3 mL of A) 0.9% sodium cloride (negative control), B) 1m sodium
hydroxide (positive control), C) memantine-loaded nanoparticles (MEM-
NP), D) free memantine (MEM) memantine-loaded nanoparticles
(MEM-NP). E) Classification of the ocular irritation potential in vitro
and in vivo.
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Figure 8. Topical administration of memantine-loaded nanoparticles protects RGC soma against ocular hypertension induced cell loss. A) I0P profiles of
OHT only, OHT + MEM-NP, and OHT contralateral eyes. p < 0!05, significant differences between OHT and the coeye; sp < 0.05, significant differ- ences
between OHT and OHT MEM NPs. B) Comparable Brn3a labeled retinal flat mounts from contralateral eyes (top), OHT eyes treated with MEM- NPs
(middle), and OHT only group (bottom). C) Whole retinal RGC density measurements indicate that while OHT induction caused a significant reduction in
RGC density, RGC loss was mitigated by twice-daily administration of MEM-NPs (one-way ANOVA with Tukey post hoc test, p < 0.000%}. Values are
expressed as mean * SE. Naive and OHT only Brn-3a whole retinal counts from DA rats were obtained from our previous work.!*

from HET-CAM irritation tests were in agreement with in vitro
observations, confirming not only the sensitivity of the in vitro
test but also the nonirritant properties of the developed for-
mulation and suitability for ocular administration./??32 These
results are in accordance with those obtained by other groups
working with PLGA-NPs for ocular applications.3%34:38-40] We
anticipate that encapsulation of memantine within the NP
aqueous interior acts to slow memantine release and therefore
reduces cell exposure to potentially cytotoxic concentrations of
this agent.

Having established the tolerability of MEM-NPs, the neuro-
protective effect of this formulation on RGC health was next
assessed using an established in vivo rodent model of ocular

hypertension. Quantitative assessment of RGC loss after
three weeks of ocular hypertension induction was assessed
using Brn3a immunofluorescence in conjunction with a pre-
viously described automatic image segmentation script.[*4
Brn3a is a nuclear-restricted Pit-Oct-Unc (POU)-domain
family transcription factor expressed exclusively by RGCs
(97% of the total RGC population) in the rat retina which
plays a role in differentiation, survival, and axonal elonga-
tion during development, thus providing an indirect indica-
tion of the functional state of the RGC.!*!]As such, Brn3a
several authors have previously used this marker to quantify
RGC density in several rodent and mammalian glaucoma
models.[*1*2 Twice-daily topical administration of MEM-NPs
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for 3 weeks was found to significantly protect RGC soma
from injury in this model in an IOP independent manner,
suggestive of a neuroprotective effect. Although several animal
models of glaucoma have been described, it is important to
remember that they are imperfect and do not presently rec-
reate all aspects of the human condition.[3%3043-45 Despite this
limitation, models such as the Morrison’s ocular hypertension
model used in this paper reproduce some aspects of the glau-
coma, namely RGC loss in response to IOP elevation as the
extent of IOP correlates with RGC loss and damage of RGC
axons in untreated OHTeyes. 40l

RGC loss in the rodent model of ocular hypertension is
reported to occur via a combination of primary and secondary
degenerative processes.!** Where, primary degeneration of
RGCs occurs as aresult of injury and secondary degeneration
describes the loss of RGCs as a consequence of the primary
insult, for example as aresult of oxidative stress, inflamma-
tion, or excitotoxicity.[*”l Glutamate excitotoxicity has previously
been reported to play arole in RGC loss in the OHT model. 8l
An attractive explanation for the neuroprotective effect of topi-
callyadministered memantine nanoparticles in the OHT model
could therefore be due to the well documented NMDA receptor
antagonism of this agent.[*‘]

In addition to its effect on glutamate excitotoxicity, there are
more recent reports that memantine can also lower amyloid
beta peptide levelsinvitro and in a transgenic murine model
of AD.[59-2IRecent work byItoetal. suggests that the mecha-
nism of memantine mediated reduction in amyloid Sis inde-
pendent of o-, /-, or y-secretase activity and instead influences
amyloid precursor protein (APP) trafficking. Here, reduction of
APP endocytosis results in the accumulation of a greater pro-
portion of cellular APP at the plasma membrane where it is
predominantly processed via the nonamyloidogenic pathway
so reducing amyloid f production.l®? This is significant as
there is growing evidence for the involvement of amyloid /£
accumula- tion in glaucoma pathology!®-%% and increasing
recognition of mechanistic similarities between these
neurodegenerative dis- orders.’5! In further support of this
hypothesis, we recently demonstrated brimonidine-mediated
RGC neuroprotection (an o2-adrenergic receptor agonist)
in the OHT model were mediated in part by a reduction in
amyloid g production and promotion of the
nonamyloidogenic pathway.l>>-57 Finally, as multiple studies
now also link the progression of age-related macular
degeneration (AMD) with amyloid # accumulation, /58l
nonamyloidogenic promoting therapies such as, brimonidine
and memantine may also provide useful therapies for the treat-
ment of AMD.

Orally administered memantine has previously been tested
in a Phase III clinical trial the treatment of primary open-
angle glaucoma, however, the trial was reported to have failed
to meet its primary endpoints.[!! To date, several hypoth-
eses have been proposed to explain the reasons for its failure,
including study endpoints thatlacked sufficient power to iden-
tifyasmallerbuttherapeuticallyrelevanteffectand insufficient
treatment periods.!'!/ Owing to these study limitations and
despite a high-profile failure, the use of noncompetitive NMDA
antagonists for the treatment of glaucoma remains a promising
therapeutic avenue for the development of novel glaucoma
therapies.[>%-01l
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While some authors postulate that the use of more potent
NMDA receptor antagonists such as bis(7)-tacrine may over-
come the perceived limitations associated with the use of
memantine for the treatment of glaucoma, !l we postulate that
by instead developing approaches to increase the concentration
of memantine delivered to intraocular tissues via its incorpora-
tion into nanoparticles for local administration could provide
an alternative strategy to achieve this goal.

To date, the majority of the preclinical studies examining
memantine for the treatment of glaucoma, intraperitoneal, %55
subcutaneous,®? or orall®! administration routes wereinves-
tigated. For studies involving oral administration in monkeys,
doses of between 2 and 8 mg kg ! day are reported, ! while
Alzheimer’s disease patients are currently prescribed between
10 and 20 mg d°!. The local administration of memantine per-
mitted by our nanoparticle formulation resulted in localized
dosing of ~0.125 mg/rat/day. This reduced dosing in combi-
nation with localized administration would likely reduce the
risk of systemic adverse effects associated with memantine
therapy!®! while ensuring the delivery of therapeutically rel-
evant concentrations of the drug to target tissues.

In this study, we demonstrated a novel PLGA-PEG nanocar-
rier for the delivery of therapeutically relevant concentrations to
posteriorocular tissues usingarodent model of ocular hyperten-
sion. The biodegradable and mucoadhesive properties of PLGA-
PEG nanoparticles are well documented and likely promoted
memantine delivery to intraocular tissues throughincreasing
precorneal drug residence. '/ Other groups have previously for-
mulated memantine into nanoparticles. Prieto and colleagues
developed Gantrez, a memantine-loaded poly(anhydride) nan-
oparticle formulation which possessed a similar diameter as
our formulation but only contained 0.055 mg of memantine
per mg of nanoparticles.!'® While the authors demonstrated
sustained release of memantine from these formulations after
subtenon and intravitreal injection in the rabbit, the authors
did not investigate topical administration. While these results
are of interest, invasive intraocular therapeutic administra-
tion is less desirable than noninvasive topical administration
route.l®®l More recently, lipoyl-memantine-loaded solid lipid
nanoparticlesl®’ and memantine-pamonic acid nanocrystalline
saltsl®® have been described. Each of these formulations exhib-
ited a sub-200 nm size and good homogeneity but only solubi-
lized ~0.1 mg mL"! of lipoyl-memantine and 0.028 mg mL"!
of memantine—-pamonic acid, respectively. To the authors’
knowledge, neither of these formulations has been assessed as
a glaucoma therapy.

1. Conclusion

This study describes a novel PLGA-PEG nanoparticle formu-
lation that that incorporates 4 mg mL™! of memantine with
an 80% encapsulation efficiency of which 0.35 mg mL! was
contained within the particles within the nanoparticle aqueous
interior. This formulation was found to be better tolerated than
free memantine by epithelial and neuronal cell cultures in vitro
and was found to be neuroprotective through significant preser-
vation of RGC density in a well-established rodent ocular hyper-
tension model of glaucoma after twice-daily topicalin vivo. In
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summary, we propose topical administration of memantine-
loaded nanoparticles as anovel technique as a safe, noninvasive
and effective strategy for the treatment of glaucoma.

1. Experimental Section

MEM-NP Preparation: MEM-NP were prepared by a modification of the
double emulsion solvent evaporation technique.®® Briefly, 100 mg of
PLGA-PEG was dissolved in 2 mL of ethyl acetate. 25 mg of memantine was
dissolved into 1 mL of water at pH 11. Primary emulsion (wi/0) was
obtained by applying ultrasound energy with an ultrasonic probe for 30 s
(38% of amplitude). 2 mL of PVA at 23 mg mL~* was added and ultrasound
was applied for 3 min. Finally, 2 mL of poly(vinyl alcohol) (PVA) 0.3% was
added dropwise under magnetic stirring and the wi/o/ w. emulsion was
stirred overnight to evaporate the organic solvent.

Characterization of MEM-NP: MEM-NP Za, and Pl were determined by
photon correlation spectroscopy with a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) at 25 °C.3%ZP was evaluated by laser- doppler
electrophoresis with M3 PALS system. In all the determinations, the
samples were diluted with MilliQ water (1:10). Results represent mean +
SD,N > 3.

EE was determined indirectly using a Triple Quadrupole LC/MS/MS
Mass Spectrometer (Perkin-Elmer Sciex Instruments). Prior to analysis, free
drug was separated from nanoparticles by filtration using an Ultra
0.5 centrifugal filter device (Amicon Millipore Corporation, Ireland). EE was
calculated using Equation (3)

Totalamount of MEM—Free MEM (3)
Total amount of MEM

EE (% =

Memantine quantification was performed in multiple reaction
monitoring mode of an ion-trap mass spectrophotometer (MS) equipped
with an atmospheric pressure electrospray ionization ion source and an
Agilent 1100 series HPLC system (Agilent Technologies, USA) coupled with
a Brucker lon Trap SL (Brucker Daltonics GmbH, Germany). Memantine was
separated on a reversed phase column (Kinetex of 2.6 um 50 x 2.1 mm
(Phenomenex)) using methanol: 0.1% formic acid in water, 55:45 (v/v) as
mobile phase. The flow rate was 1 mLmin~tat 45°C.[7

Preparation of MEM-NP Using a DoE Approach: MEM-NP formulation
was optimized by investigating the influence of pH on NP size,
dispersity, ZP, and EE (Table 1). The effect of a factor (Ex) was calculated
according to Equation (4)

2.H-2,0)

_ (4)
Ex = PV

where X,(+) corresponds to the sum of the factors at their highest level
(+1) and Z«(—) to the sum of the factors at their lowest level and n/2  for
the half of the number of measurements. In addition, interaction between
factors was also elucidated by calculating the effect of the first factor at the
lowest level of the second factor and subtracting it from the effect of the
first factor at the highest level of the second factor.

Morphology Studies: MEM-NP was observed by TEM on a Jeol 1010. To
visualize the NP, copper grids were activated with UV light, and samples
were placed on the grid surface. Negative staining was performed with
uranyl acetate (2% w/v).[2874

AFM Studies: AFM analysis was performed in a multimode 8 microscopy
with Nanoscope V electronics (Bruker, Germany). The microscope mode
used was the peak Force tapping mode with an SNL tip (Bruker). The
samples were previously diluted (1:10) and about 5 pL of the solution
were dropped to freshly cleaved mica surface and incubated for 5 min.
Afterward, the sample was blown off with air.

DSC Studies: DSC was performed in an aluminum pan on a DSC-821
(Mettler Toledo) under nitrogen atmosphere.

'H NMR Studies: 'H-NMR was used to confirm both PLGA-PEG
structure on the NP and drug incorporation. MEM-NP were centrifuged
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and dissolved in D20. The spectrum was recorded at 298 K on a Varian
Inova 500 MHz spectrometer (Agilent Technologies, Santa Clara, CA,
USA).[1

Stability Studies: MEM-NP stability was assessed by light backscattering
by means of a Turbiscan Lab. For this purpose, a glass measurement cell
was filled with 20 mL of MEM-NP. The light source, pulsed near infrared
light-emitting diode LED (4 = 880 nm), was received by a backscattering
detector at an angle of 45° from the incident beam. Readings were carried
out every hour for 24 h.BU

In Vitro Drug Release: In vitro release of memantine from MEM-NPs was

evaluated using the dialysis bag technique under sink conditions and
results compared to free memantine.®*®* The release medium was
composed of a PBS buffer solution (phosphate-buffered saline (PBS)
0.1 M, pH 7.4) and temperature maintained at 32 °C (ocular surface
temperature) with stirring. At predetermined time intervals, 1 mL samples
were withdrawn from the reaction mixture and replaced with 1 mL of
fresh buffer.’”) The memantine content of each aliquot was evaluated
using Graphpad Prism v5.0.

Corneal and Scleral Permeation: Ex vivo corneal and scleral permeation
experiments were carried out using New Zealand rabbits (male, weighing
2.5-3.0 kg), under veterinary supervision. Rabbits were anesthetized with
intramuscular administration of ketamine HCI (35 mg kg™) and xylazine (5
mg kg™) and euthanized by an overdose of sodium pentobarbital (100 mg
kg™!). The cornea and sclera of the animals were excised and fixed between
the donor and receptor compartments of Franz diffusion cells (available
permeation area of 0.64 cm?). The receptor compartment was filled with
Bicarbonate Ringer’s (BR) solution and kept at 32 and 37 + 0.5 °C for
corneal and scleral permeation respectively. 1 mL of the formulation
was placed in the donor compartment and 300 pL

were withdrawn from the receptor chamber at fixed time points and
immediately replaced by BR. The cumulative drug amount permeated

was calculated at each time point from the drug in the receiving medium
and plotted as function time.25%¢) All experiments using rabbits were
performed according to the Ethics Committee of Animal Experimentation
at the University of Barcelona. The amount of memantine retained in the
tissues was also determined by extracting the drug from the tissue with
methanol: water (75:25, v/v) under sonication for 30 min.3

Cytotoxicity Assay: Human retinoblastoma cells (Y-79) and adherent
human keratinocyte cells (HaCaT!”®)) were purchased from Cell Lines
Services (CLS, Eppelheim, Germany) and were maintained in RPMI-1640
and DMEM media respectively. Cell viability was assayed with Alamar Blue
(Alfagene, Invitrogene, Portugal) at 24 and 48 h as was previously
described.?7%8] Data were analyzed by calculating cell viability through the
percentage of Alamar blue reduction compared to the control (untreated
cells).[74-761

Ocular Tolerance Test—HET-CAM and Draize Irritation Test: In order
to evaluate the risk of ocular irritation caused by free memantine and
MEM-NP administered as eye drops, ocular tolerance tests in vivo and

in vitro were conducted. Ocular tolerance was assessed in vitro using the
HETCAM test (Figure S4, Supporting Information)‘[“] Scores of irritation
potential were grouped into four categories.?" Subsequent in vivo ocular
tolerance assays were performed using primary eye irritation test of Draize
et. al (1994) with New Zealand rabbits (male, 2.5 kg) (n = 3/group).?
The formulation was instilled in the conjunctival sac of the right eye and
a gentle massage was applied. The appearance of irritation was
observed at the time of administration and after 1 h, using the left eye as
a negative control. The OIl was calculated by direct observation of the
anterior segment of the eye, noting the possible injury of the conjunctiva,
iris, and cornea.?

In Vivo Studies—Therapeutic Efficacy: Induced glaucoma experimental
models such as Morrison model of ocular hypertension were previously
validated by our group.*® Adult male DA rats weighing 150-200 g were
treated with procedures approved by the UK Home Office and in
compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. For the present study 10 rats were
used as control without glaucoma induction, and 20 rats underwent
surgery to elevate IOP by injection of hypertonic saline solution (1.80
M) into two episcleral veins. The rats undergoing chronic ocular
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hypertension were divided in two groups (10 rats/group): control group
(treated with saline serum) and MEM-NPs group (treated with two drops
of MEM-NPs/day). Contralateral unoperated eyes were also used as a
control. The IOP of both eyes was measured weekly using a Tonopen XL
(Medtronic Solan, Jacksonville, FL).

Histology and RGC Quantification: Animals were sacrificed 3 weeks after
OHT induction. Eyes were enucleated and fixed in 4% fresh
paraformaldehyde overnight. Whole-mount retinas were stained for the
RGC specific nuclear-localized transcription factor Brn3a using a MAB1585
antibody (1:350; Merck Millipore). Immunoreactivity was detected with
AlexaFluor 555 donkey antimouse (1:200; Merck Millipore, Darmstadt,
Germany). Retinas were mounted and examined under confocal
microscopy (LSM 710; Carl Zeiss Micro Imaging GmbH, Jena, Germany) as
a tiled z-stack at 10x magnification generating a single plane maximum
projection of the RGC layers for subsequent analysis. Image acquisition
settings were kept constant for all retinas imaged, allowing comparison of
Brn3a expression in each experimental group.3% Automatic quantification
of Brn3a-labeled RGC was achieved using an algorithm previously
validated.®*7”) Naive and OHT only Brn-3a whole retinal counts from DA
rats was obtained from our previous work.!>¥

Statistical Analysis: Statistical evaluation of data was performed using
one-way analysis of variance (ANOVA) with Tukey multiple comparison
post hoc test to assess differences between groups and p < 0.05 was
considered significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Dexibuprofen-loaded PEGylated PLGA nanospheres have been developed to improve the biopharmaceuti-
cal profile of the anti-inflammatory drug for ocular administration. Dexibuprofen is the active enantiomer
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of ibuprofen and therefore lower doses may be applied to achieve the same therapeutic level. According
to this, two batches of nanospheres of different drug concentrations, 0.5 and 1.0 mg/ ml respectively, have
been developed (the latter corresponding to the therapeutic ibuprofen concentration for inflammatory
eye diseases). Both batches were composed of negatively charged nanospheres (-—14.1 and -—15.9 mV),
with a mean particle size below 200nm, and a high encapsulation efficiency (99%). X-ray, FTIR, and DSC
analyses confirmed that the drug was dispersed inside the matrix of the nanospheres. While the in vitro
release profile was sustained up to 12 h, the ex vivo corneal and scleral permeation profile demonstrated
higher drug retention and permeation in the corneal tissue rather than in the sclera. These results were
also confirmed by the quantification of dexibuprofen in ocular tissues after the in vivo administration of
drug-loaded nanospheres. Cell viability studies confirmed that PEGylated-PLGA nanospheres were less

Chemical compounds studied in this article:
Lactic acid (PubChem CID: 612)

Glycolic acid (PubChem CID: 757)
Ethylene glycol (PubChem CID: 174)
Dexibuprofen (PubChem CID: 39912)
Polyvinyl alcohol (PubChem CID: 11199)

g‘z’r‘:v:s;d]:;res cytotoxic than free dexibuprofen in the majority of the tested concentrations. Ocular in vitro (HET-CAM
Dexibuprofen test) and invivo (Draize test) tolerance assays demonstrated the non-irritant character of both nanosphere
PLGA batches. In vivo anti-inflammatory effects were evaluated in albino rabbits before and after inflammation
PEG induction. Both batches confirmed to be effective to treat and prevent ocular inflammation.

Inflammation © 2016 Elsevier B.V. All rights reserved.
Drug delivery

Abbreviations: NSAIDs, non-steroidal anti-inflammatory drugs; IBU,
ibuprofen; DXI, dexibuprofen; GI, gast ; NPs, nanoparticles;
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1. Introduction

Inflammation is a non-specific response of the body against
injuries from the external environment, acting as a defense mech-
anism to isolate and destroy the triggering agent, as well as to
repair the damaged tissues. Ocular inflammationis one of the most
prevalent diseases in ophthalmology. It can affect any part of the
eyeor thesurrounding tissues. Corticosteroids are commonly used
as anti-inflammatory drugs for the treatment of ocular inflamma-
tion, but they induce serious adverse effects when administered
continuously [1]. The main alternatives to corticosteroids for the
treatment of inflammation are non-steroidal anti-inflammatory
drugs (NSAIDs) [2]. In the field of ophthalmology, ibuprofen (IBU)
has been receiving particular attention in recent years due to its
anti-inflammatory activity, having however a number of adverse
effects that limit its use [3,4].

Rapid elimination of NSAIDs administered aseye drops, results
in a pre-corneal drug half-life between 1 and 3 min. As a conse-
quence, only a very small amount of the drug (1-5% of the dose)
actually penetrates the cornea and is able to reach intraocular tis-
sues.Ontheotherhand, drugsadministered ontothe ocularmucosa
are known to suffer absorption via conjunctiva and nasolacrimal
duct, easily reaching the systemic circulation [5,6]. Drugs, such as
IBU, may induce adverse side effects that can be minimized by the
use of the active enantiomer - dexibuprofen (DXI), which is twice
more potent and has less side effects than the former [7]. Gastric
and epigastric pain, nausea and vomiting have been the most fre-
quent side effects reported in randomized clinical trials in patients
treated with DXL Effects of DXIin the centralnervoussystem (CNS)
were less common than the use of racemic IBU [8]. The racemic
mixture was also responsible for a higher gastric toxicity than the
S(+) isomer [7]. Moreover, the safety, tolerability and equivalent
efficacy between DXI and the double dose of ibuprofen was con-
firmed by comparing the oral uptake of both drugsfor osteoarthritis
treatment in a clinical study [8,9].

To protect the drug from inactivation by the enzymes present
in the tear film or corneal epithelium, to facilitate its transcorneal
penetration prolonging its stay in the precorneal area, and to avoid
undesired adverse effects, polymeric nanoparticles (NPs) have
been proposed. Biodegradable polymers, including poly(lactic-co-
glycolicacid) (PLGA) (biopolymerapproved by the Food and Drug
administration), have been widely used as a biomaterial inmedical
prosthesesand surgical sutures [10]. Morerecently, PLGA has been
used in the development of colloidal carriers for controlled release
of drugs, due to its biocompatibility, biodegradability and non-
toxicity [11]. Furthermore, compared to natural polymers, these
synthetic polymers demonstrate higher reproducibility, are easily
formulated and allow the control and prediction of the degradation
kinetics [12].

Among other strategies, PEG-coated PLGA NPs offer several
advantages. These are firstly attributed to the enhanced contact
time of the particles with the corneal surface by the interaction
with the mucus layer of the tear film. NPs interact with the mucus
layer of the tear film either by electrostatic, hydrophobicand hydro-
gen bonding, or by their physical retention in the mucin network
[13]. Griffiths et al. [13] demonstrated that such retention in the
mucin network is dependent on the hydrophobic surface of the

particles, which could be overcome by coating them with PEG. On
the other hand, the hydrophobic entrapment could be minimized as
long as the nanoparticles were adequately surfaced with such
hydrophilic PEG layers and depicted negative electrical charge [13].
Therefore, the accumulation of the NPs in the conjunctival sac, as
well as the ability of the particles to penetrate in the first layers of the
corneal epithelium contribute to enhance drugs bioavailability [14].
In addition, PEGylation contributes to maintain the particles

in circulation for a longer time, thus avoiding their recognition by
the reticuloendothelial system (RES) [15].

In the present work, we report the development of a new
formulation for ocular delivery of dexibuprofen (DXI), based on
nanospheres (NSs) composed of poly-l-lactic-co-glycolide (PLGA)
surrounded by polyethylene glycol (PEG) chains (DXI-PLGA-PEG
NSs).The suitability of DXI-PLGA-PEG NSs to treat and prevent
ocular inflammation has been demonstrated. Physicochemical
properties and drug-polymer interactions were assessed. In vitro
and ex vivo drug release and short-term stability of DXI NSs were
studied. DXI quantification after in vivo administration was also
performed.

2. Materials and methods
2.1. Materials

Diblock copolymer PLGA-PEG 5% Resomer® was obtained from
Evonik Corporation (Birmingham, USA) and the active compound
S-(+)-Ibuprofen (dexibuprofen) was purchased from Amadis Chem-
ical (Hangzou, China). Polyvinyl alcohol (PVA) and acetone were
purchased from Sigma-Aldrich (Madrid, Spain) and Fisher Scien-
tific (Pittsburgh, USA), respectively. Reagents for cell culture were
obtained from Gibco (Alfagene, Portugal). Alamar Blue, fromInvit-
rogen Alfagene® (Portugal), was used for cell viability estimation.
Water filtered throughMillipore® MilliQsystem wasused forall the
experiments and all the other reagents were of analytical grade.

2.2. Methods

2.2.1. Nanospheres preparation

NSs were prepared by solvent displacement method described
elsewhere [16]. Briefly, the co-polymer PLGA-PEG and the drug
(DXI) were firstly dissolved in acetone. This organic phase was
added dropwise, under moderate stirring, into 10 ml of an aqueous
solution of PVA (0.33-1.17%) adjusted to the desired pH (3.2-4.8).
After that, acetone was evaporated under reduced pressure and the
resulting particles were ultracentrifuged, at 15000 r.p.m. for 20
min, in order to remove excess of PVA.

2.2.2. Optimization of nanospheres parameters

Design of experiments (DoE) is frequently used to plan research
becauseit provides maximum information, whilst requiring a min-
imal number of experiments [17]. A central composite factorial
design was developed to analyze the effect of independent vari-
ables(pH, DXIand PV A concentrations) onthe dependentvariables
(average particle size (Zav), polydispersity index (PI), zeta potential
(ZP) and encapsulation efficiency (EE). Theamount of polymerwas

kept constant for all the assays (90 mg).

According to the composite design matrix generated by Stat-
graphics Plus 5.1 software, a total of 16 experiments (8 factorial
points, 6 axial points and two replicated center points) were
required. The experimental responses were the result of the indi-
vidual influence and the interactions of the three independent
variables, as shown in Table 1. The responses were therefore mod-
eled through the full second-order polynomial equation shown in
Eq. (1):

Yu=bo+ b1 X X1+ b2 X Xz + b3 X Xz + p11 X Xa2 + 22

X Xa2+ b33 X X3 % p12 X X X Xa + 13 X X1 X X3 + p23Xa X X3 )
where Y, is the measured response, po to p23 are the regression
coefficients and Xi, X2 and Xs are the studied factors. The effectand
the significance level of the factors were evaluated by analysis of
variance (ANOVA) [18].

2.2.3. Physicochemical characterization

Zav and PI of NSs were determined by photon correlation
spectroscopy (PCS) (after 1:10 dilution) with a Zetasizer Nano
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Table 1

Values of the experimental factors according to the matrix designed by 2° + star central composite rotatable factorial design parameters and measured responses. Bold values

correspond to the optimized formulation of DXI loaded NSs.

pH cou crva Zav (nm) Pl ZP (mV) EE (%)

Coded level pH Coded level (mg/ml) Coded level (%)
Factorial points
F1 -1 3.5 -1 0.50 -1 0.50 221.4+0.5 0.082 +0.023 ~4.17+0.29 99.79
F2 1 45 -1 0.50 -1 0.50 219.3+6.6 0.050 =0.033 —~11.9+0.19 90.80
F3 -1 3.5 1 1.50 -1 0.50 225.5+3.2 0.072 +0.027 ~ 3.16+0.28 99.20
F4 1 45 1 1.50 -1 0.50 201.1+4.6 0.048 +0.018 ~ 5.13+0.55 87.65
F5 -1 3.5 -1 0.50 1 1.00 216.5+2.9 0.068 = 0.026 —3.24%0.93 90.72
F6 1 45 -1 0.50 1 1.00 216.6 +2.1 0.049 +0.007 ~ 5.65+0.26 85.52
F7 -1 3.5 1 1.50 1 1.00 219.0+3.8 0.065 = 0.009 ~3.53+0.17 89.77
F8 1 45 1 1.50 1 1.00 213.3+1.2 0.048 = 0.029 ~3.15% 053 89.82
Axdal points
F9 1.68 4.8 0 1.00 0 0.75 229.2+0.7 0.054 +0.018 —2.75+0.17 89.87
F10 ~1.68 3.2 0 1.00 0 0.75 205.8 2.3 0.063 +0.013 ~2.53+0.44 92.36
Fl11 0 4.0 1.68 1.84 0 0.75 223.5+0.6 0.036 =0.018 —4.38+0.25 90.90
F12 0 4.0 ~1.68 0.16 0 0.75 223.4+1.6 0.052 +0.022 ~ 6.84%0.27 99.10
F13 0 4.0 0 1.00 1.68 1.17 220.4+0.3 0.036 = 0.007 —5.73 0.13 98.90
Fl4 0 4.0 0 1.00 —1.68 0.33 203.9 0.4 0.072 +0.024 — 8.18+0.23 97.84
Center points
F15 0 4.0 0 1.00 0 0.75 220.3 6.6 0.046 +0.023 —6.01+0.16 90.51
Fl6 0 4.0 0 1.00 0 0.75 217.3+2.9 0.043 +0.030 —6.56 =0.93 85.45

ZS (Malvern Instruments, Malvern, UK) at 25 °C using disposable
quartz cells and (Malvern Instruments).

NSs surface charge, measured as ZP, was evaluated by using
laser-Doppler electrophoresis with M3 PALS system in Zetasizer
Nano ZS. ZP indirectly indicates the rate of aggregation of parti-
cles. A greater ZP (inabsolute value) would inducelessaggregation
due to repulsion forces between the particles. To calculate this, the
Henry equation was used (2):

<ZPF (Ka)

Hg = 681 ()]

where L is the electrophoretic mobility, s is the dielectric con-
stant of the medium, ZP is the zeta potential, u is the viscosity
of the medium, K is the Deybye-Hiickel parameter and f (Ka)
is a correction factor that takes into account the thickness of the
elec- trical doublelayer (1/K) and particle diameter (a). The unit
of Kis a reciprocal length.

The reported values correspond to the mean SD of at least
three different batches of each formulation [19].

2.2.4. Evaluation of the encapsulation efficiency

The EE of DXI in the NSs was determined indirectly by
measuring the concentration of the free drug in the dispersion
medium. The non-encapsulated DXI was separated by a
filtration/ centrifugation technique (1:10 dilution) by using an
Ultracell-100 K (AmiconR Ultra; Millipore Corporation,
Massachusetts) centrifugal filter devices at 4 °C and 700g for 30
min (Heraeus, Multifuge 3 L-R, Cen- trifuge. Osterode, Germany).
The EE was calculated using Eq. (3):

total amount of DXI — free DXI
X
(©)

Samples were evaluated by high performance liquid chro-
matography (HPLC), as described elsewhere [20]. Briefly, samples
were quantified using HPLC Waters 2695 separation module and

EE(%)
total amount of DXI

a Kromasil® Cis column (5 pm, 150 4.6 mgn) with a mobile phase
of methanol/phosphoric acid 0.05% (80:20) at a flow rate  of 1
ml/min and a wavelength of 220 nm. Standards were pre- pared
in methanol:water (90:10) from a stock solution of 500 ug/ml (50-
0.5 pg/ml). Data was processed using Empower 3® Software.

2.2.5. Nanospheres characterization and interaction studies

NSs were diluted (1:5) and a morphological study was carried out
by transmission electron microscopy (TEM) on a Jeol 1010. To
visualize the NSs, copper grids were activated with UV light and
samples were placed on the grid surface. Negative staining was
performed with uranyl acetate (2%).

X-ray diffraction (XRD) was used to analyze the state (amor-
phousorcrystalline) of thesamples (centrifuged NSs orformulation
compounds). Compounds were sandwiched between polyester

films and exposed to CuK” radiation (45 kV, 40 mA, h =1.5418 A) in
the range (20) from 2° to 60° with a step size of 0.026° and a
measuring time of 200 s per step.

Fourier transform infrared (FTIR) spectra of different samples
(NSs formulations or compounds separately) were obtained using a
Thermo Scientific Nicolet iZ10 with an ATR diamond and DTGS
detector. The scanning range was 525-4000 cm ™.

Thermograms were obtained on a Mettler TA 4000 system
(Greifensee,Switzerland) equipped withaDSC25cell. Temperature
was calibrated by the melting transition point of indium prior to
sample analysis. All samples were weighed (Mettler M3 Microbal-
ance) directly in perforated aluminum pans and heated under a
nitrogen flow at a rate of 10 °C/min (25-125 °C).

2.2.6. Determination of the in vitro release profile

One of the main goals of drug release from the polymer matrixis
the possibility to provide an extended release profile over time. In
vitrorelease was evaluated using a bulk-equilibrium reverse dialy-
sis bag technique [21]. This technique is based on the dispersion of
thecolloidal suspensionin the dialysis mediumaccomplishing sink
conditions [22]. Therelease medium was composed of a buffersolu-
tion (PBS0.1M, pH 7.4). 16 dialysis sacs containing 1 ml of PBS were
previously immersed into the release medium. The dialysis sacs
were equilibrated with the dissolution medium a few hours prior
to theexperiments. A volume of 15 ml of free drugin PBS or NSs was
added to 285ml of the dissolution medium. The assay was carried
out in triplicate comparing the free drug in PBS against NSs for-
mulations. Release kinetic experiments were performed at a fixed
temperature of 32 °C (ocular surface temperature) under constant
magnetic stirring (n=6/group). At predetermined time intervals,
the dialysis sacs were withdrawn from the stirred release solution
and the volume was replaced by 1ml of PBS. The content of the
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sacs at each time point was evaluated and data were adjusted to
the most common kinetic models [19].

2.2.6. Ex vivo corneal and scleral permeation study

Ex vivo corneal and scleral permeation experiments were car-
ried out with New Zealand rabbits (male, weighting 2.5-3.0 kg),
under veterinary supervision, and according to the Ethics Commit-
tee of Animals Experimentation from the University of Barcelona
(CEEA-UB). The rabbits were anesthetized with intramuscu- lar
administration of ketamine HCl (35 mg/kg) and xylazine (5
mg/kg) and euthanized by an overdose of sodium pentobar- bital
(100 mg/kg) administered through marginal ear veinunder deep
anesthesia. The cornea and sclera were excised and immedi- ately
transported to the laboratory in artificial tear solution. The assay
was done using Franz diffusion cells and the tissue was fixed
between the donor and receptor compartment. The area available
for permeation was 0.64 cm?. The receptor compartment was filled
with freshly prepared Bicarbonate Ringer’s (BR) solution. This com-
partment was kept at 32 0.5:°C and 37 0.5 °@ for corneal and scleral
permeation, respectively, and stirred continuously. A vol-
ume of 1 ml of F (A) NSs or 0.5 mg/ml of DXI was placed in the
donor compartment and covered to avoid evaporation. A volume of
300 ul was withdrawn from the receptor compartment at fixed times
and replaced by an equivalent volume of fresh BR solution at the
same temperature. The cumulative DXI amount permeated was
calculated, at each time point, from DXI amount in the receiving
medium and plotted as function time (min) [23].

At the end of the study, the cornea was used to determine the
amount of drug retained. The tissue was cleaned using a 0.05%
solution of sodium lauryl sulfate and washed with distilled water,
weighed and treated with methanol under sonication dur- ing30
min using an ultrasound bath. The amount of DXI permeated and
retained through the cornea was determined.

Results are reported as the mediantSD of six replicates for the
amount of DXI permeated and retained on each tissue, respectively
[23].

Lag time, Tv (h), values were calculated by plotting the
cumulative DXI permeating the cornea versus time, determining
x-intercept by linear regression analysis. The corneal permeabil-
ity coefficientKp (cm/h), partition coefficient P1 (cm) and diffusion
coefficient P> (h~!) were calculated from the following equations:

Kp=PixP2 4)
I
P,
F AXCGxP, ®)
1
Py = EXTL 6)

where Cois the initial concentration of drug in the donor compart-
ment, A (0.64cm?) is the exposed corneal surface [23].

2.2.8. Short-term stability

NSs stability at 4, 25 and 38 °C was assessed by light backscat-
tering by means of a Turbiscan® Lab. For this purpose, a glass
measurement cell was filled with the sample for each tempera-
ture.Thelightsource, pulsednearinfraredlight-emittingdiode LED
(h=880nm), was received by a backscattering detector at an angle
of 45° from the incident beam. Backscattering data were acquired
once a month for 24 h, at 1 hintervals. In addition to this technique,
Zav, PLand ZP of NSs were also measured monthly. Temperature
studies were carried out by duplicate, and visual observation of the
samples was undertaken.

2.2.9. Cytotoxicity assay
Alamar blue assay was carried out in order to investigate the
possible toxicity of the developed NSs in comparison to the free

DXL To perform this assay Y-79 (human retinoblastoma) cellline
acquired from Cell Lines Service (CLS, Eppelheim, Germany) was
used. Y-79 cells were maintained in RPMI-1640, supplemented
with 10% (v/v) fetal bovine serum (FBS), 2 mM Il-glutamine, and
antibiotics (100 U/ ml penicillin and 100 pg mL ™" of streptomycin)
at 37 °C under an atmosphere of 5% CO/95% air with controlled
humidity (Binder chamber). Cells were centrifuged, re-suspended
in FBS-free culture media, counted and seeded, after appropriate
dilution, at 1x10° cells/ml, in poly-l-lysine pre-coated 96-well
plates (100 ul/well). For this study, dilutions of NSs in FBS-free cul-
ture media (namely F(A) and F(B), see NSs optimization section), as
well as their corresponding free drug were carried out and added
to cells 24 h after seeding (100 ul/well). Cell viability was assayed
with Alamar Blue (AB, Alfagene, Invitrogen, Portugal), 24 or 48h
after exposure to test compounds, by addition of 100 ul/ well of AB
solution, 10% (v/v) diluted in FBS-free media, preceded by removal
of test solutions. The AB absorbance was determined ath of 570 nm
(reduced form) and 620 nm (oxidized form) after 4 h of cell contact.
Data were analyzed by calculating the percentage of Alamar blue
reduction (according to the manufacture recommendations) and
expressed as percentage of control (untreated), as reported before
[24].

2.2.10. Ocular tolerance assays: HET-CAM and draize irritation
test

To assess the potential risk of ocular irritation caused by NSs,
ocular tolerance test by in vivo and in vitro methods were carried
out.

To study the ocular tolerance in vitro the HETCAM® test was
developed as described in the INVITTOX n°® 15 protocol [25]. This
test is based on the observation of the irritant effects (bleeding,
vasoconstrictionand coagulation) in the chorioallantoic membrane
(CAM) of an embryonated egg (10 days) induced by application of
300 ul of the studied formulation, during the first 5 min [26]. In
the experimental procedure, fertilized and incubated eggs during
10dayswereused. Theseeggs (from the farm G.A.L.L.S.A, Tarragona,
Spain) werekeptata temperature of 12 + 1 °Cfor atleast24 hbefore
placing themin theincubator with controlled temperature (37.8 °C)
and humidity (50-60%) during the incubation days. A series of con-
trols were performed: SDS 1% (positive control for slow irritation),
0.1NNaOH (positivecontrolforfastirritation), NaCl0.9% (negative
control). Data were analyzed as the media+SD of the time at which
the injury occurred (n=6/ group). Scores of irritation potential can

be grouped into four categories (see Table A.1 of Supplementary
material) [27].
In vivo ocular tolerance assays were performed using primary

eyeirritationtestof Draizeetal. [23] usingNew Zealand albinomale
rabbits of 2.5kg middle weight from San Bernardo farm (Navarra).
This test was performed according to the Ethical Committee for
Animal Experimentation of the UB and current legislation (Decret
214/97, Gencat). The sample was placed in the conjunctival sac of
the right eye and a gentle massage was applied to assure the
proper sample circulation through the eye. The appearance of irri-
tation was observed at the time of administration and after 1 h,
using thelefteyeasanegative control (n=6/ group). Theevaluation
was performed by direct observation of the anterior segment of the
eye, noting the possible injury of the conjunctiva (inflammation,
chemosis, redness or oozing), iris and cornea (opacity and affected
surface) (for detailed punctuation see Table A.2 of Supplementary
material). Ocular irritation index (OII) was evaluated according to
the observed injuries (Table A.1 on Supplementary material).

2.2.11. Inflammatory activity assay

Corneal inflammatory activity of the developed formulations
was assessed in vivo (n = 6/group). Ocular inflammation was
induced administering 50 ul of sodium arachidonate (SA) 0.5%
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Fig. 1. Optimization of DXI NSs. (a) EE (%) surface response at a fix PVA concentration (0.75%), (b) PI surface response at a fix DXI concentration (0.5 mg/ml).

(w/v) dissolved in PBS (pH 7.4). Inflammation was quantified using
aslit lamp at various times, according to a modified Draize scor- ing
system [27]. The sum of the inflammation score is expressed by the
mean SD detailed punctuations can be found in Table A.2 of
Supplementary material).

Toassessinflammation prevention, free drugand DXINSs were
instilled (50 ul) in the conjunctival sac, 30 min before induction of
ocular inflammation. In order to test the treatment, ocular inflam-
mationwasinduced and after 30 min, either NSs or free DXIinsaline
serum were applied.

2.2.11. Ocular drug bioavailability

In order to achieve steady-state concentrations, DXI NSs were
administered to New Zealand rabbits (n = 6), every 8 h for two
weeks. A volume of 50 pl of each formulation was administered
and, at the end of the experiments, animals were scarified and
drugamountwasquantifiedinvitreoushumorandaqueoushumor.
Retained DXI on cornea and sclera were also measured [20].

2.2.12. Statistical analysis

All of the data are presented as the mean $.D. Two-way ANOVA
followed by Tukey post hoc test was used for multi-group com-
parison. Student’s t-test was used for two-group comparisons.
Statistical significance was set at p < 0.05. GraphPad Prism V6.0
InStat (GraphPad Sofware Inc., San Diego, CA, EE.UU.) was used to
carry out the analysis.

1. Results and discussion
1.1. Nanospheres optimization

The results obtained from the central composite factorial
design are shown in Table 1. EE is greatly influenced by the pH
(Fig. 1a) and decreases in alkaline media. Therefore, a low pH
value would have to be chosen. Moreover, this acidic media
would contribute to obtain a monodisperse population, as the
alkaline pH values were shown to increase PI (Fig. 1b).
However, acidic pH contributes to sample instability by
decreasing the ZP in absolute values (Fig. A.1 of Supplementary
material). In order to obtain a balance between the long-term
stability of the particles and the physicochemical NSs
parameters, a pH of 3.5 was selected (F1, Table 1).

The increase of DXI concentration in the formulations did not
have a significant effect on the EE, suggesting that the tested con-
centrations did not reach polymer-loading capacity. Further
studies with F1 particles were carried out, leading to a high EE
(99%) using 45 mg of PLGA-PEG. Drug loading capacity depends
on the physico- chemical properties of the molecule, as well as on
the nanoparticle polymer, and also on the manufacturing process
for the nanopar- ticles [28]. In our case, despite the small drug
concentration in F1 (0.5 mg/ml), some authors have suggested
that DXI is more effec- tive than the racemic counterpart
(ibuprofen) in a ratio 1:0.5 [3]. Thus, this concentration would
theoretically be enough to treat corneal inflammation. A second
formulation, containing an identi-
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Fig. 2. Physical characterization of DXI-PLGA-PEG NSs, empty PLGA-PEG NSs and
NSs compound separately. (a) X-ray diffraction patterns, (b) Differential scanning
calorimetry.

caldrug/polymerratio but twice theamountof thedrug (1mg/ml),
was also developed and characterized for storage stability, inflam-
mation and irritation assays. Both formulations have been studied:
F(A) for NSs containing DXI0.5mg/ml, and 45mg of polymer and
F(B) for NSs containing 1mg/ml DXI and 90 mg of polymer.

1.2. Nanospheres characterization and interaction studies

NSs parameters after ultracentrifugation are summarized in
Table A.3 (Supplementary material). Bothformulations presented a
monodisperse population (PI<0.1) and a mean size below 200 nm,
suitable for ocular administration. Superficial charge was nega-
tive (around 15 mV) due to polymer carboxylic chains [29]. The
observed decrease on the ZP values, compared to those reported for
PLGA-NPsby Vegaetal.[27] (higher than- 20mV), wereattributed
to the presence of PEG layer, which reduces the negative surface
chargecharacteristic of PLGA-NPs. The carboxylic groups of PLGA
were masked by PEG, due to the use the solvent displacement tech-
nique for the production of the nanoparticles. In this method, a
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Fig. 3. Release profiles of free DXI against DXI-PLGA-PEG NSs (n=6/group). (a) in vitro release, (b) Ex vivo corneal permeation, (c) Ex vivo scleral permeation.

microphase separation occurs because of the mutual immiscibility
between PLGA and PEG. PLGA backbone would collapse easily in
water (non-solvent for PLGA), leaving the PEG chains toward the
external surface of the emulsion droplets facing the aqueous phase
(good solvent for PEG) [30].

TEM images (Fig. A.2, Supplementary material) reveal that the
optimized NSs showed spherical shape without signals of aggrega-
tion phenomena. The mean NSs size was similar to that obtained by
PCS (<200nm).

Inordertostudyinteractions between drugand NSs, XRD, spec-
troscopic analysis and DSC studies were carried out.

XRD profiles of DXI (Fig. 2a) show intense sharp peaks of crys-
tallinity, whereas the polymer diffracted an amorphous pattern.
PVA exhibits a peak at 20=20° due to its semi-crystalline state.
Empty NSs, drug-loaded NSs and PLGA-PEG showed similar pro-
files. The peaks corresponding to the drug were not detected in the
drug-loaded particles. This may indicate that the drug was present
mainly in the dissolved state (molecular dispersion) [31].

FTIR analysis was used to study the interactions between the
drug and polymer. There was no evidence of strong bonds between
DXI and PLGA-PEG or between NSs and the polymer (Fig. A.3, Sup-
plementary material). DXI presents a peak at 1697 cm ™! due to C
Osstretching, some small peaks corresponding to C C stretch- ing
(1403, 1461 and 1504 cm ™) and C O (1277 cm~!) and finally a peak
at 777 cm ™! corresponding to OH bending [32]. PLGA-PEG exhibits
intense bands at 2907 and 2950 cm™! corresponding to the C H
stretching, also present in NSs dispersions. An intense peak at 1743
cm ! is shown by the polymer and by the NSs dis- persions, this
corresponding to the C O stretching vibration of the carbonyl
groups present in the two monomers that form the polymer matrix.
Bands obtained 1077, 1199 and 1305 cm ™! in the NSs dispersions
and in the PLGA-PEG profile are attributed to stretching vibrations
of the OH group [33]. The pattern displayed by both empty and
drug-loaded NSs correspond to the polymer bands, but their
absorbance increases due to the DXI present in the DXI-PLGA-PEG
NSs. It is worth to remark that neither empty
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nor DXINSs showed the characteristic peak corresponding to PVA
(at 3300 cm™?), indicating an effective reduction of the surfactant
amount by centrifugation process [16].

DSC profiles of DXI (Fig. 2b) show a sharp endotherm corre-
sponding toits melting transition, characterized bya OH=86.35]/ g
and a Tmax=53.06 °C, which was not detected in DXI-PLGA-PEG
NSs [32]. This fact suggests that DXI formulated in PLGA-PEG NSs
are in an amorphous or disordered crystalline phase of a molecu- lar
dispersion or a solid solution state in the polymer matrix [27]. These
results are in agreement to those obtained by other authors [5]. The
polymer presented the onset of the glass transition (Tg)
at 43.50 °C, whereas the NSs presented the onset at 42.50 °C, due
to drug-polymer interaction. The slight decrease of NSs Ty against
polymer T has been attributed to the effect of the acidic drug due
to weak interactions with PLGA [34,35]. PVA showed a peak

at 193.55 °C which was not present in the developed formulations
(data not shown).

1.1. Invitro drug release

The release profiles of free DXI and DXI loaded NSs are shown in
Fig. 3a. As expected, free DXI showed faster release kinetics than the
drug-loaded particles. After three hours, the free drug achieved
100% release, whereas after 12 h the NSs released 55% of the initial
amount [36]. This assay confirms that NSs could release the drug
at a faster rate during the first 3 h followed by a slower diffusion
(Fig. 3a, triangle symbols), which would assure a prolonged effect

by a slower drug release. Some authors describe that the drug
can bereleased from PLGA matrix either via diffusion, polymer
erosion or by a combination of both mechanisms. But if drug
diffusion is faster than matrix degradation, drug release occurs
mainly by dif- fusion [5,27]. In our case, a burst effect was
observed, due to the fraction of DXI, which is absorbed or
weakly bound to the large surface area of the NSs. The second
part of the profile corresponds to a sustained release behaviour,
where the loaded DXI slowly dif- fuses from the polymeric
matrix to the release medium. In order to ascertain the kinetic
model that better fits for DXI release, data were adjusted to the
most common kinetic models [37]. The most appropriate
release profile corresponds to a hyperbola equation. NSs Kq
was higher than the free drug, this confirms the slower DXI
release from the particle matrix. These results indicate that the
developed formulations could offer a prolonged release of DXI
from the polymeric matrix where it is dispersed [27].

1.2. Ex vivo corneal and scleral permeation study

An ex vivo corneal and scleral permeation study, comparing
NSs dispersion with the free DXI, was carried out for 6 h. Results
and permeation parameters are summarized in Fig. 3b and c. ] and
Kp values in the cornea and the sclera are both similar in free DXI,
whereas DXI NSs present high corneal permeation and accumula-
tion in the cornea than in the sclera. This fact could be useful to
justify the effect of DXI on the cornea and aqueous humor. More-
over, the amount of drug released through the cornea was higher
in DXI NSs than in free DXI and the opposite effect was found for
the sclera. This study shows that DXI NSs may deliver the drug
effectively to the specified area by releasing DXI slowly across the
corneal tissue, which would be useful for the treatment of inflam-
matory process such as that induced by cataract surgery. T1. values
corresponding to DXI NSs on the cornea and sclera are smaller
than that obtained with free DXI, which translates the capacity of
NSs for sustained release of DXI in the studied tissues.
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Fig. 4. DXI-PLGA-PEG NSs backscattering profile. (a) F(A), (b) F(B).
1.3. Short-term stability

Fig. 4 shows the evolution of the backscattering (BS) profile of
DXI loaded NSs during the first months of storage. The obtained
profiles translate the instability of the particles, affecting the homo-
geneity of the dispersion (fluctuationsin BSsignals, lower than10%)
inthe third month of storage for F(A). The particles showed a signifi-
cantdecrease of the surface charge in the third month, inagreement
with backscattering results (Table A.4, Supplementary material).
Due to the aggregation phenomena, F(B) was shown to be unsta-
ble at the end of the second month of storage (Fig. 4b), decreasing
the ZP and increasing the mean particle size. The limited stability
of polymeric NPs in aqueous suspension is well known and these
results confirm that in order to improve long-term stability, the
removal of water from the solution (either by freeze-drying orby
spray-drying) isnecessary [22]. Taking into account the fact thatthe
expiration date of collyria is limited to one month after opening the
bottle, the stability of freeze-dried samples, reconstituted before
application, would be more suitable for ocular administration.

1.4. Cytotoxicity assay

Evaluation of cell viability is important to ensure the safety of
the developed NSs and avoid cell cytotoxicity. Our results demon-
strate that, in the first 24 h, F(A) NSs are safer than the free drug, in
all the tested concentrations (Fig. 5a). NSs with a concentration of
50pug/mlslightly decreased cell viability (15% decrease). Although
cell viability of the free DXI was lower than the obtained with the
F(A) NSs at 24 h, both exhibit cell viability above 80%. After 48 h,
cellsexposed tofreeDXIshowed morethan 90 % survival, attributed
to the DXI metabolism by the cytochrome P450. This could be due
to metabolite formation, namely 2-[4-(2-hydroxy-2- methyl-
propyl)phenyl] propionic acid and 2-[3-(2-carboxypropyl)phenyl]
propionic acid within 48 h of contact, which is not toxic for the cells
[38].
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formulation at different time of exposure.

The results from cell viability studies corresponding to F(B)
NSs are shown in Fig. 5b. Cells exposed to the concentration of
100 pg/ ml of NSsshowed 70% cell viability in the first24 h, whereas
after 48 h the same concentration did not show cytotoxic effects,
attributed to a drug degradation mechanism. Regarding the other
concentrations, NSs were safer and produced higher rates of cell
survival than the free drug. No statistically significant differences
were detected when comparing free drug and the NSs for F(A) and
F(B).

1.1. In vitro ocular tolerance

Invitrooculartolerancewasstudied usingtheHET-CAMtest. An
additionof0.9% salinesolutionto thehealthy membranesproduced
novisualresponseoverafiveminutesperiod. Incontrast,1MNaOH
produced severe, hemorrhage, which increased over five minutes
grading this solution as severe irritant. Application of 300 pl of
the samples (F(A), F(B) or PBS solution containing 0.5 or 1mg/ml
DXI) into the chorioallantoic membrane, revealed optimal ocular
tolerance in the first 5 min of application (Fig. A.4, Supplemen-
tary material) [39]. OII for all tested samples show a non-irritant
reaction (Table A.5, Supplementary material). These results are in
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Fig. 6. Comparison of ocular anti-inflammatory efficacy of F(A), F(B) and the free
DXI. (a) Inflammation treatment, (b) inflammation prevention.

Values are expressed as mean SB; *p < 0.05, ** p < 0.01 and ***p < 0.001 signifi-
cantly lower than the inflammatory effect induced by SA; *p < 0.05, %p < 0.01 and
$55p < 0.001 significantly lower than the inflammatory effect induced by the corre-
sponding free drug.

agreement to those obtained by other authorsloading NSAIDs into
PLGA NSs for ocular applications[16,40].

3.8.In vivo ocular tolerance

A single in vitro test could not properly mimic the entire situa-
tion in vivo, therefore, tolerance assays in male albino rabbits were
performed. The Oll obtained for both F(A) and F(B) and for free DXI
was null (Fig. A.5, Supplementary material), being the NSs clas-
sified as non-irritant (Table A.5, Supplementary material). These
results are in agreement to those obtained with the HET-CAM test,
confirming the suitability of the in vitro method for the assess-
ment of the ocular tolerance of the particles, and their non-irritant
properties, adequate for ocular administration [27,39,41].

3.9. Inhibition of the inflammation

Two studies were performed to determine the anti-
inflammatory efficacy of the developed NSs, in order to confirm
their usefulness for preventing and treating inflammation.

F(A) NSs prevent inflammation showing significant differences
regarding positive control within the first 30 min after SA admin-
istration (p < 0.01) (Fig. 6a). As described elsewhere, this correlates
with the amount of drug retained in the cornea [16]. In addition, free
DXI at 0.5 mg/ml also prevents inflammation compared to the
control which shows significant differences after 1 h of testing. This
demonstrates that reduced DXI doses are an effective strategy for the
prevention of ocular inflammation. In addition, encapsu- lation in
polymeric NSs, increases drug effect. These results show that F(A)
would be adequate to prevent ocular inflammation. F(B) also
significantly reduced inflammation after 30 min of applica- tion (p <
0.001). In general, PLGA-PEG nanoparticles enhance ocular
bioavailability of drugs due to the especial behaviour of PEG that
facilitates the drug-mucin interactions [13,42].
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Conjunctival inflammation with significant hyperemia was
induced by SA after 30 min of exposure. At this time, the drug
was applied to the conjunctival sac and degree of inflammation
was measured accurately. Formulations containing 1 mg/ml of
DXI, F(B) and the corresponding free drug, reduced the
inflammation faster (Fig. 6b), making it adequate for high rates
of inflammation whichneed anemergency treatment. However,
F(A) demonstrated to reduce the inflammatory response more
effectively than the con- trol after 1h of application (p <0.001).
The differences observed in degrees of inflammation and the
prevention and treatment of this pathology could be related to
the different absorption of NSs in healthy and inflamed tissues.
Indeed, the instillation of SA prior to the administration of the
particles lead to enhanced lacrimation, increasing precorneal
loss and clearance of NSs [43]. F(A) would be adequate for the
prevention of inflammatory injuries (e.g. cataract surgery)
reducing inflammation and providing less adverse sys- temic
effects than the free drug or F(B) NSs [43].

The results obtained in this study are in agreement to pub-
lished data, such as studies carried out by Buccolo et al. [44]
and also by Musumeci et al. [30] with melatonin-loaded PLGA-
PEG, which show a higher prolonged lowering of IOP in
rabbits for melatonin-PLGA-PEG nanoparticles, than that
observed without drug-loading particles. In PLGA-PEG
nanoparticles, mucoadhesion can be related to the PEG crown
which allows a better and longer interaction between the
particles and the eye [45]. Similar results were obtained for
acyclovir-loaded PEG-PLA nanospheres [46].

Globally, F(A) would be a satisfactory treatment in the pre-
vention of inflammation and the treatment of medium-low
inflammation pathologies. In the case of rescue treatment, both
slight free DXI at 1 mg/ml and F(B) would be suitable,
representing the NSs an improvement in reducing corneal
inflammation lev- els. The NSs improvement during the first hour
could be due to NSs corneal preference. As demonstrated by the
ocular permeation studies, free DXI is distributed and retained in
the cornea and the sclera indistinctively, whereas DXI NSs
provide higher drug levels in the cornea, as well a higher drug
penetration to achieve aqueous humor.

3.9.  Ocular drug bioavailability

In order to elucidate NSs amount into eye structures, F(A)
was administered in vivo and DXI amount was quantified 2h
after the last administration. DXI amount in the cornea (3.08
ug/ml) was higher in comparison to every other tissue,
including the sclera (1.28 pg/ml). These results are in
agreement to those obtained in ex vivo corneal and scleral
permeation study. As reported by other authors [44], a certain
amount of drug was also measured in the aqueous humor (in
our case, 0.32 pg/ml), but no DXI was found in the vitreous
humor. These results demonstrate that DXI NSs remained
retained in the first structures of the eye and released the drug
slowly to inner tissues, such as the aqueous humor. More- over,
it has been demonstrated that, with small amount of drug, the
active enantiomer loaded within NSs achieves an effective
ocular anti-inflammatory activity, thus leading to a potential
reduction of the adverse effects.

1. Conclusions

Ocular administration for the treatment of pathological eye
tis- sues offers the advantage of delivering the drug directly to
the site of action, whilst providing high drug concentration. In
this study PLGA-PEG NSs were developed for topical delivery
of DXI.

The DoE approach shows that pH was one of the most
influential parameters on the preparation of the nanoparticles.
The optimized formulations of NSs were shown to be
monodisperse (P1<0.1), with

a mean particle size smaller than 200 nm, with a negative surface
charge and high EE. DSC studies showed that DXI was distributed
asamolecular dispersioninside the polymeric matrix. XRDshowed
evidence of the drug loaded within the NSs. FTIR studies showed
that there was no evidence of chemical interaction or strong bond
formation between the NSs compounds. F(A) NSs showed stability
at 25 °C for three months, whereas F(B) NSs showed a sedimenta-
tion process in the second month possibly due to an increase in
polymer and drug concentration that, in addition, contributed to
their interactions. DXI in vitro release from the polymeric matrix
was slower than the release of free drug. Ex vivo and in vivo studies
confirmed that NSs permeate better through corneal tissue than
free DXI. The opposite effect was observed for the sclera, thus con-
firming that NSs were appropriate for the treatment of corneal
inflammation. Cytotoxicity studies show that NSs do not signif-
icantly reduce cell viability with respect to the free drug. Both
presented high survival percentages. HET-CAM assay results cor-
relate with Draize test, both showing good ocular tolerance for
the developed colloidal systems. In vivo assays with F(A) showed
therapeutic effects on prevention and inflammation treatment.

Our study demonstrates the advantages of using DXI-loaded
PLGA nanospheres coated with PEG for prophylaxis of eye inflam-
mation and/or for the treatment of non-severe inflammatory
processes. The results obtained from the pharmacokinetic studies
confirm the capacity of the developed PLGA-PEG NSs to achieve a
sustained release of DXI, therefore reducing its systemicabsorption
and associated side effects.
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4. DISCUSSION

The aim of the current study was to design biodegradable polymeric nanoparticles and
explore their possibilities as nanocarriers of pharmaceutical compounds for different ap-
plications such as inflammation and neurodegeneration. In this sense, formulations of
MEM-PLGA-PEG and PLGA-PEG-DXI NPs were developed. The formulations were
optimized and assessed for its efficacy against ocular inflammation, glaucoma and Alz-

heimer’s disease.

4.1 DESIGN AND CHARACTERISATION OF POLYMERIC NANO-
PARTICLES

The NPs were prepared by two different methods according to the chemical
characteristics of each of the encapsulated drugs. The solvent-displacement method is a
well-known proedure in order to entrap hydrophobic compounds such as DXI. On the
other hand, due to the hydrophilic character of Memantine Hydrochloride, the solvent-
displacement method is not suitable and, for this reason, NPs were prepared by using the

double emulsion method (118).

MEM is a highly hydrophilic compound, which makes this drug more difficult to
encapsulate into biodegradable NPs (119), (120). A second drawback of this compound
is that it does not absorb on the UV or visible wavelength and is neither fluorescent (121).
For this reason, a mass-spectrometry method coupled with HPLC was used in order to
quantify the amount of drug loaded into NPs based on the ionization of the amine group.
MEM-PLGA-PEG NPs were prepared using the double emulsion method, typically used

for proteins or gene material, and ethyl acetate was chosen as the organic solvent due to
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its increased safety rather than the widely used methylene chloride (122). In addition, as
previously reported by Cohen-Sela et al. (118), smaller NPs are obtained when a water-
miscible solvent is used. As previously reported by other authors, several conditions of
the NPs prepared by double emulsion should be optimized (123). Therefore, MEM-
PLGA-PEG NPs were optimized through several steps by using the design of experiments
(DoE) approach. Firstly, sonication parameters were studied, namely wave amplitude
sonication time, and afterwards the concentrations of each compound were optimized.
Finally, the suitable pH of the two different agueous phases, namely inner water phase
(w1) and external water phase (w-) were optimized in order to maximize the encapsulation
efficiency of the hydrophilic drug due to the fact that this is one of the main drawbacks
of hydrophilic compound encapsulation. Two formulations were obtained and assessed
for Alzheimer’s disease and glaucoma, respectively. In agreement with other authors, the
surfactant used was polyvinyl alcohol (PVA) and it was eliminated afterwards by

ultracentrifugation methods (124).

On the other hand, PEG-PLGA-DXI NPs were obtained by applying the solvent-
displacement method described by Fessi et al. (125). The organic solvent used was
acetone due to its relative safety compared with other solvent and it was evaporated under
reduced pressure. DoE was used to optimize each of the formulation compounds (PLGA-
PEG, DXI and PVA) as well as the pH of the water phase. A slightly acid pH similar to
the drug pKa was the one providing higher encapsulation efficacy, probably due to the
fact that DXI was not protonated and this fact facilitates it’s entrapment avoiding it’s fast
release from the NPs matrix. Due to the low water solubility of DXI a dilution prior to
filtration-centrifugation in order to avoid insoluble DXI was carried out and the drug

content on the supernatant was measured by HPLC in order to evaluate the encapsulation
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efficiency (EE). Two colloidal formulations were obtained, for DXI delivery as eye-drops

for corneal inflammation and for oral administration for AD.

For ocular drug delivery on the anterior segment, a smaller amount of drug was used
because their direct application as eye-drops on the anterior eye segment guarantees a
higher DXI amount on the target site than the formulations design to arrive to the retina.
However, since PEGylated DXI delivery systems were designed for oral drug delivery
and it is described that they undergone under a certain first hepatic loss, an increased
amount of drug was entrapped on the formulation. On the other hand, for MEM
entrapment, both formulations of MEM PLGA-PEG were designed to cross several
barriers, either for oral administration and posterior brain delivery or for retinal

administration in order to cross the BRB.

All the developed nanoparticles were observed by dynamic light scattering as fast and
easy routine technique (126). In this sense, all the formulations show an average diameter
of 200 nm and a Pl < 0.1, characteristic of the monodisperse systems. As previously
reported by other authors encapsulating NSAIDs into polymeric NPs, mean average size
ranged between 150 and 200 nm is confirmed to be suitable for ocular drug delivery and
high drug entrapment values are achieved (104). However, several publications with NPs
size around 400 nm have been proved to successfully deliver drugs to the ocular tissues
without causing corneal irritation (111). Some controversy is still around the ideal NPs
size to cross the BBB since some authors reported efficient delivery NPs mean size of
less than 200 nm (127) with a negative surface charge (128) while others have
successfully deliver nanosystems with an average size of 350 nm (129). NPs surface
charge charge was negative due to the acid character of the polymer, which was the main

compound in all the cases. This negative charge increased after centrifuging the NPs due
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to the surfactant elimination. PEG chains increase NPs hydrophilicity and stability and
also avoid the rapid elimination of these systems (128). In addition, centrifuged NPs were
observed under transmission electron microscopy (TEM) under negative staining
confirming the mean diameter smaller than 200 nm of the DLS measurements and a round
and smooth surface of the systems (112). In all the cases, due to the fact that DLS
measures the hydrodynamic diameter of the NPs, the images obtained with TEM
confirmed a slightly smaller diameter than the DLS. Thermal characterisation was carried
out observing the glass transition temperature (Tg) of the centrifuged NPs compared with
the polymer and the physical mixture of the compounds using differential scanning
calorimetry technique. No peak corresponding to drug decomposition was observed, thus
meaning that the drug was entrapped on the polymeric matrix. The thermal profile of the
NPs was observed and compared with the polymer profile. In the case of MEM loaded
PLGA-PEG NPs, the encapsulated drug increased the Tgof the polymer due to its highly
hydrophilic character and high decomposition temperature (316.05 °C) whereas in the
case of DXI the opposite phenomena was observed due to its hydrophobic nature and

lower T4 temperature (55.5 °C) (130), (131).

X-Ray diffraction (XRD) pattern of the developed formulations confirmed that the main
compound on the NPs was the polymer and small bands corresponding to the entrapped
drug were observed since this technique provides information about the while structure
of the NPs. No peaks of the surfactant were present, thus meaning that the PVA was
almost completely eliminated from the formulation. FTIR was also carried out in order to

observe the bands corresponding to the polymer and the encapsulated drug.

Stability of the developed NPs at different temperatures (4°C, 25°C and 38°C) was also

monitored. Samples stored at 38°C were completely transparent and unstable by the end
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of the first month because of the degradation of the polymer induced by higher
temperatures. However, the formulations stored at 4 and 25 °C showed a good short-term
stability. Interestingly, in the case of MEM-PLGA-PEG NPs, the mean size, Pl and ZP
remain unchanged for the first six months but a slight decrease of the backscattering
profile was observed at the end of the last month for samples stored at room temperature
thus meaning that, for these systems, the preferential storage temperature would be 4 °C.
These results, compared with the three months stability of DXI-PLGA-PEG NPs could
be due to the fact that the preparation method influences their stability favouring the
double emulsion an increased stability. However, in all the cases, the possibility of freeze-
drying and sterilization by y-radiation reported by other authors such as Ramos et al.

(104)was explored and the NPs were successfully freeze dried (data not shown).

4.2 BIOPHARMACEUTICAL BEHAVIOUR

In vitro drug release was carried out for all the optimized formulations showing a
sustained release preceded by a burst release also reported by other authors as a drug
fraction which is absorbed on the NPs size and not entrapped on the polymeric matrix
(122). This initial fast kinetics was probably due to the fact that a small amount of drug
was retained between PEG surface chains. Afterwards, a sustained release of the drug
from the NPs was obtained. Different kinetic models were used to fit the experimental
data obtained from drug release experiments (104). In this case, the best fit an hyperbola
equation demonstrating an slow release of the drug from the polymeric matrix. Regarding
DXI, the solvent displacement method achieve high entrapment inside the polymeric
matrix. In contrast, MEM NPs, due to the difficulty of hydrophilic compounds

encapsulation, it was found that the majority of the compound was entrapped on the
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surface or first layers of the nanosphere and only a small amount of drug was internalized.
Despite this fact, the amount of drug encapsulated was higher than the concentration

achieved by other authors with the same drug (132), (133).

In order to study NPs for ocular applications, permeation parameters of the NPs across
corneal and the scleral tissues were assessed and compared with the corresponding free
drug. The encapsulated drug show a certain degree of corneal tropism, previously
reported by other authors, being this fact beneficial for corneal drug delivery (112). Also
a slower release trough the sclera was also observed and here we hypothesised that when
administered in a proper dose, this can be beneficial for retinal drug delivery since it was

highly probable that the nanoparticles were able to cross the BRB due to PEG chains.

4.3 CELL CULTURE EXPERIMENTS AND OCULAR TOLERANCE

In the recent years, toxicity of drug delivery compounds has gained increased attention,
especially in concern to neurotoxicity issues (134). Cytotoxicity assessments were carried
out with the widely used Alamar blue technique, based on the reduction potential of
metabolically active cells after their contact with different compounds that might be toxic
(135), (136). In order to perform the experiment, different cell lines according to each
application of the NPs were employed. In this sense, to ensure safety across ocular drug
delivery, keratinocytes and retinoblastoma cells lines were used. In the case of DXI
neither the free drug nor the DXI-PLGA-PEG NPs were cytotoxic obtaining cell viability
values higher than 80% in all the assessed concentrations. MEM free showed to be toxic
and MEM-PLGA-PEG NPs provide an increased safety due to the slow drug release

protecting the cells with the polymeric matrix. NPs for brain delivery were also assessed
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in astrocytes, bEnd.3 (brain endothelial cells) and PC12 cell lines in order to ensure it’s
safety. Using the first two cell lines, their transport across the BBB, also similar to the
BRB, was assessed in order to ensure their suitability to arrive to the target site. Both DXI
and MEM PLGA-PEG nanosystems confirmed to overcome the BBB in vitro probably
due to the PEG chains which increases their transport across this barrier. In this way, it
has been reported that small hydrophilic drugs can enter to the brain trough paracellular
pathway and, in the case of NPs, with their small size, they can enhance cell uptake by

adsortive mediated transcytosis (129).

In order to assess the potential irritation of the developed formulations, an in vitro test
(HET-CAM) was carried out. Neither DXI nor DXI NPs were irritant whereas MEM free
demonstrated to be slightly irritant, but this effect was not present in MEM-PLGA-PEG
formulations. After the in vitro experiments, the in vivo Draize irritation test was carried
out and the eyes were examined immediately, after 30 minutes and after 1 hour of the
administration of the eye-drops. The results were similar to those obtained on the in vitro
test meaning that only MEM free showed slightly-irritant potential. Due to this fact, DXI
free was compared with DXI-PLGA-PEG NPs in order to assess the inflammatory
efficacy but free MEM was not assessed for glaucoma experiments and just MEM-PLGA-

PEG eye drops were applied in order to demonstrate their effectivity.
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44 IN VIVO MODELS TO ASSESS THE EFFECTIVITY OF
PLGA-PEG NANOPARTICLES FOR NEURODEGENERATIVE
AND OCULAR DISEASES

Brain disorders affect about a quarter of the population worldwide being more than 600
disorders characterized by CNS dysfunctions. Among all, neurodegenerative diseases
and, specially AD, is one of the most common (137). For these reason, both DXI and
MEM drug delivery systems were assessed using transgenic mice (APPswe/PS1De9,
APP/PS1) which secrete an elevated amount of the human AP peptide. The groups were
compared with their non-transgenic littermates (C57BI6). Behavioral tests such as morris
water maze (MWM) and novel object recognition (NORT) demonstrate that both systems
were able to effectively deliver the drug and also that inflammation and excitotoxicity
were implicated on AD. Immunohistochemical assays of Ap-plaque development showed
a decrease of these plaques using both drug delivery systems although the MEM NPs
were more evident. Interestingly, MEM NPs also decrease brain inflammation although

DXI NPs decreased the inflammatory process more effectively.

In order to asses MEM-PLGA-PEG NPs for glaucoma purposes, the Morrison’s ocular
hypertension model in Dark Agouti rats was assessed by administering two eye-drops of
MEM-NP daily for three weeks (138). This treatment induces an increase on the 10P
which peak its observed 1 day after surgery. The IOP profile was comparable between
MEM-NP and OHT control groups thus suggesting that MEM-NP administered as eye-
drops did not affect 10P decreasing, which is currently the only symptom treated in
glaucoma patients. In addition, surviving RGCs were visualised histologically in retinal
flat mounts and quantification of RGC populations was completed using a previously

published automated script in order to avoid biased results (139). Global RGC density
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was significantly diminished in the untreated OHT group versus naive controls (p <
0.001) thus confirming the model suitability. Although not affecting the IOP, the
treatment with MEM-NP was found to significantly protect against OHT induced RGC
injury in this model (p<0.001), suggesting that it was neuroprotective in a non-1OP-
dependent manner. As such, several authors have previously used Brn3a as a marker to
quantify RGC density in several rodent and mammalian glaucoma models (140), (141).
Twice-daily topical administration of MEM-NPs for three weeks was found to
significantly protect RGC from injury in this model in an IOP independent manner,

suggestive of a neuroprotective effect.

RGC loss in the rodent model of ocular hypertension is reported to occur via a
combination of primary and secondary degenerative processes (139). Where, primary
degeneration of RGC occurs as a result of injury and secondary degeneration describes
the loss of RGC as a consequence of the primary insult, for example as a result of
oxidative stress, inflammation or excitotoxicity (142). Glutamate excitotoxicity has
previously been reported to play a role in RGC loss in the OHT model (143). An attractive
explanation for the neuroprotective effect of topically administered MEM-PLGA-PEG
NPs in the OHT model could therefore be due to the well documented NMDA receptor
antagonism of this agent (26). Therefore, the designed NPs were able to arrive and deliver
the drug effectively on the retina showing benefits for glaucoma confirming the recent

studies that define glaucoma as a neurodegenerative disease.

Since glaucoma has been also associated to a certain degree of inflammation (144), in
further studies it would be worth to design drug delivery systems encapsulating both DXI,
MEM and using mannitol as a crioprotectant in order to decrease inflammation, the

excitotoxicity and also address the IOP within the same formulation.

129



Discussion

Anti-inflammatory efficacy of DXI-PLGA-PEG NPs administered as eye-drops on to the
rabbit eye was assessed in order to test the NPs for prevention and treatment of the
inflammatory disorders. Eye-drops have been reported to be a comfortable route for the
patients rather than other routes such as intravitreal injections. The developed formulation
was compared with DXI and IBU free drug and IBU-PLGA-PEG NPs developed for
comparative purposes. DXI-PLGA-PEG NPs demonstrated to be a suitable strategy
useful to prevent corneal inflammation, which can be used after surgery or any invasive
ocular procedure. For fast inflammation treatment, due to the rapid drug effect needed,
although the NPs demonstrated to be useful, the systems had not proven additional
benefits against the free drug. By contrast, other author such as Vega et al. (110),
developed NSAIDs PLGA NPs for ocular inflammation increasing the mucoadhesivity
avoiding the rapid drug corneal loss suffered by the free drug. Despite this fact, here we
suggest the use of this systems for the prevention of inflammation secondary to cataract
surgery or other procedures associated with inflammation (110). If DXI NPs were used
as a prevention, adverse side effects of NSAIDs such as gastric inflammation would be
reduced due to the combination of the active enantiomer and the slow drug release from
the polymeric matrix. In addition, patients compliance would increase as well as drug

effectivity due to the maintenance between the therapeutic limits on the target site.
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In this work, polymeric nanoparticles for sustained delivery of Dexibuprofen and

Memantine, were designed for the treatment of ocular and neurodegenerative diseases.

5.1

5.2

5.3

5.4

5.5

5.6

5.7

Memantine nanoparticles prepared by the double emulsion method and optimized
by DoE, confirmed to be suitable for ocular drug delivery as eye-drops (193.1 nm)
and for brain delivery (152.6 nm) being admistered as eye-drops and oral solution,

respectively.

Optimized Dexibuprofen nanoparticles were made by solvent-displacement
technique with an average size suitable for their administration as eye-drops (221.4
nm) for corneal inflammation and as oral solution (195 nm) being able to overcome

the blood brain barrier.

Polymeric nanoparticles were characterised by spectroscopic (FTIR, X-Ray) and
thermal (DSC) methods confirming that the drug was encapsulated in the polymeric

matrix and the surfactant was eliminated by the centrifugation process.

Both formulations demonstrated a sustained release, against the free drug, adjusted

to a hyperbola equation with an initial burst effect followed by a slow drug release.

The optimized nanoparticles demonstrated to be non-cytotoxic neither in ocular

(retinoblastoma cell line) nor in brain cells (PC12, astrocytes and Bend3).

Dexibuprofen and Memantine nanoparticles were assessed for Alzheimer’s disease
in an in vivo model (APP/PS1 mice). Memantine nanoparticles demonstrated to
treat efficiently AD whereas Dexibuprofen nanoparticles were suitable for disease
prevention. Both formulations decreased the number of plaques and the

inflammation associated.

Memantine nanoparticles were assessed in a rat model of glaucoma. They did not
show any effect on the intraocular pressure (IOP) but they significantly decreased
the apoptotic processes of the retinal ganglion cells of the retina after administering

the nanoparticles for 3 weeks.
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5.8 Dexibuprofen nanoparticles assesed in vivo for ocular inflammation are suitable to

prevent ocular inflammation.

Therefore, in this work, efficient nanoparticles encapsulating Memantine and
Dexibuprofen were designed for ocular and bran delivery in order to treat ocular

inflammation, glaucoma and Alzheimer’s disease.
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