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Apart from the more common ocular disorders, there are some genetic diseases, such as cystic fibrosis, that develop
ocular disorders as secondary effects as long as the disease progresses. In those cases, Magnetic Nanoparticles can be
used as potent drug carriers and magnetic hyperthermia agents due to their response to an external magnetic field.
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| 1. Ocular Barriers for Drug Delivery Systems

Initially, the anatomical barrier that a drug finds in the eye is the cornea (Figure 1). Cornea thickness is from 551 to 565
pm in the center section and from 612 to 640 um in the periphery, and is formed by five layers: epithelium, Bowman’s
layer, stroma, Descemet membrane, and the endothelium . The cornea contains barriers to both hydrophilic and
hydrophobic molecules. Corneal epithelium is the first anatomical barrier, which consists of a basal layer of columnar cells
surrounded by intercellular tight junctions [&. Corneal epithelium is negatively charged at physiological pH and the tight
junctions act as barriers for the permeation of hydrophilic drugs, such as fluoroquinolones (e.g., norfloxacin) or intraocular
pressure (IOP) beta-blockers (e.g., timolol). After the epithelium, the second cornea layer that can be an impediment for
drug diffusion is the stroma (Figure 1), which is formed by multiple layers of hexagonally arranged collagen fibers
containing aqueous pores that allow hydrophilic drugs to easily pass through but acting as a significant barrier for
lipophilic drugs B, such as prostaglandin (e.g., latanaprost) or NSAIDs (e.g., celecoxib). Consequently, drug bioavailability
depends of the balance between lipophilicity and hydrophilicity to avoid being retained in the corneal barriers. Recently, it
has been observed that the use of MNPs coated with chitosan can enhance the corneal residence time and drug contact
(4 since the chitosan coating acts as a permeability enhancer.
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Figure 1. Different ocular barriers for drug delivery systems.

After the cornea, the next anatomical barrier is the iris and ciliary body (Figure 1). The iris is composed of a pigmented
stromal layer formed by epithelial cells. The ciliary body is formed by ciliary muscles and ciliary epithelial cells that
produce agqueous humor, the transparent protein-containing fluid that nourishes the cornea and lens &, The constant
secretion, flow, and drainage of aqueous humor controls the I0P of the eye. Then, MNPs that are able to penetrate the
cornea need to diffuse against the flow of the aqueous humor and face elimination via Schlemm's canal [&. Another
anatomical barrier is the lens that is formed by four structures: lens capsule, epithelium, cortex and nucleus. The epithelial
cells that formed the capsule generates a barrier to hydrophilic molecules. The cortex and nucleus are made by lens
fibers, whose tightly compact arrangement limit drug diffusion in the lens (8. Conjunctiva and sclera are other anatomical
barriers of the eyes, whose composition is basically collagenous and elastic fibers, limiting, such as in the cornea, the
drug diffusion @ (Figure 1). The conjunctiva runs 3-5 cell layers thick, with tight junctions on the apical surface. The



sclera is a fibrous, opaque tissue forming the outer layer of the eye and is continuous with the cornea. Choroid is a layer
of vasculature lying between the retina and sclera and it contains Bruch’s membrane, which is formed by several layers of
collagenous and elastic fibers and forms the basement membrane for retinal pigment epithelium. Due to the systemic
circulation of this layer, there is a rapid clearance of the drug delivery systems &,

The retina is anatomically the back layer of the eye and is composed of the blood-retinal barrier (BRB) (Figure 1). The
inner part of the BRB is formed by tight junctions between the retinal capillary endothelial cells, and the outer-blood—
retinal barrier separates the choroid and Bruch’s membrane from the inner retina. Drug delivery systems must be able to
cross the inner and outer membranes of the retina, which pose a strict physical barrier for most polymeric nanopatrticles.
Magnetic nanoparticles can enhance the retina layers penetration due to their magnetic response under the application of
an external magnetic field 2129,

The main physiological barriers of the eyes are its tear film and nasolacrimal drainage. The lacrimal fluid is an isotonic
aqueous solution that contains a mixture of proteins and lipids. The lacrimation and nasolacrimal drainage decrease the
drug exposure time during their administration, and they are responsible for a significant loss of topically applied drugs
(L. Another physiological barrier is related to the efflux proteins, which are located on the apical or basolateral cell
membranes of the corneal epithelium, in conjunctiva, and in the iris ciliary body 22, These proteins can also affect to the
absorption of different drugs. Mainly there are two efflux pumps responsible for drug resistance: the P-glycoprotein that
limit the entry of amphipathic drugs, and the multidrug-resistant protein (MRP), which acts as an organic anionic
transporter (131,

| 2. Ocular Delivery Routes and Their Limitations

Focusing in the biodistribution of the magnetic nanoparticles (MNPs) administrated to the eye, several factors have to be
taken into account during MNPs synthesis, such as the magnetic surface properties, size, suspension media, and
administration route. Different drug delivery routes can be used to inject nanoparticles into the eyes, such as topical,
systemic, punctal, subconjunctival, intrascleral, fornix, sub-Tenon’s, suprachoroidal, subretinal, and intravitreal injection 14!
(Figure 2).

Punctal 4 Anterior sub-Tenon's

Suprachoroidal
. Intravitreal
Subconjunctival

) Posterior sub-Tenon's
Topical

Intrasclera

Subretinal

Forni -
Figure 2. Different ocular drug delivery routes.

Topical application has the limitation of reaching a high ocular bioavailability as a large portion of the compound applied
would be lost due to dilution of tears and lacrimation. Usually, the amount of drug that reaches the aqueous humor is less
than 5% (Figure 3). Sustained release of the drug is difficult and forces one to markedly increase the drug dose
administrated in order to get an optimum therapeutic efficacy.
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Figure 3. Major disadvantages showed by a drug topically administrated to the eye.

Systemic injection also has the same limitation of a low amount of drug available in the specific site (the eye), especially if
the drug is more hydrophilic. It would require more frequent systemic injections to reach and maintain a therapeutic dose,
which creates more side effects in the body. The periocular injection can refer to posterior juxtascleral, subconjunctival,
retrobulbar, peribulbar, or subtenon injection. Some risks associated for periocular injections are hyphemia, an increase in
intraocular pressure, corneal decompensation, and even strabismus. Intravitreal injections are becoming a more popular
choice for ocular drug delivery. By micro-needle injection of the compound directly into the vitreous, intravitreal injection
could offer a higher drug load in the retina and vitreous compared to other delivery methods. Nowadays, there are some
intravitreal products in the market, such as Avastin® (Genentech, San Francisco, CA, USA), Lucentis® (Genentech, San
Francisco, CA, USA), Macugen® (Eyetech Inc., Boca Raton FL, USA), and Triesence®(AIcon, Vernier-Geneva,
Switzerland) 221, The drug's molecular weight is a major factor affecting drug elimination for intravitreal injection. The
disadvantages of intravitreal injection include development of certain complications, such as intravitreal hemorrhages,
endophthalmitis, and retinal detachment. Patients with diseases affecting the posterior segment usually need multiple
intravitreal injections and follow careful monitoring (61,

| 3. Ocular Disorders Derived from Cystic Fibrosis Disease

The corneal epithelium contributes to fluid transport via various ion channels, from the stroma to the pre-corneal tear film.
Numerous channels in the corneal epithelium are responsible of the fluid transport in the eye (Figure 4). Located on the
basolateral membrane, the sodium:potassium:chloride (Na*:K*:2CI") co-transporter functions in parallel with the
sodium:potassium (Na*:K*) pump resulting in CF influx. The rate of secretion by these channels is regulated by the CF
conductance of the apical membrane. In addition to CFTR, calcium-activated CF channels (CLCA2) are also thought to
contribute to CF efflux. At the ocular surface, basal CFTR activity is likely minimal, as CF patients with loss-of-function
CFTR mutations suffer only from mild tear film abnormalities LAL8I191120] However, the CFTR-facilitated CI- transport at
the ocular surface provides a rational basis for the investigation of CFTR modulators, e.g., ivacaftor. Currently, eye
manifestations of CF are less well known; however, mounting evidence suggests that ocular disorders in CF are a serious
problem. A number of ocular disorders derived from CF have been reported, including xerophthalmia, papilledema, and
retinal hemorrhages 2. Joshi et al. (22 reported the first case of newly diagnosed CF-related liver disease in a teenage
boy presenting symptoms of night blindness secondary to vitamin A deficiency. In CF, the malabsorption of fat-soluble
vitamins, e.g., vitamin A, reduces the concentration of the retinol-binding protein that is essential for the liver-to-tissue
transport of retinol. Night blindness is the first sign of vitamin A deficiency with further symptoms after prolonged periods of
deficiency, such as Bitot's spots; triangular, perilimbal grey plaques of keratinized conjunctival debris; and xerosis and dry
granular patches. Furthermore, patients with CF have been reported to develop retinal vein occlusions 23124125 |t has
been hypothesized that elevated fibrinogen levels due to chronic infections or increased homocysteine levels predispose
patients with CF to develop retinal vein occlusions.
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Figure 4. Basic scheme of the fluid transport in a corneal epithelial cell.

Other ocular disorders related to CF disease are differences in the morphology of the cornea, a reduction in the
endothelial cell area, an increase in corneal thickness, an increase in the endothelial cell density and permeability, and an
increase in the endothelial pump rate. Lass et al. 28 observed morphological differences in the corneal endothelium in CF
patients and CF-related diabetes patients. Mean corneal thickness was significantly greater for both CF groups compared
to a safe patient and, therefore, the corneal endothelial permeability and mean relative pump rate were significantly higher
in the two CF groups. The increased corneal thickness observed in the CF group suggests there is only partial
compensation by the increased pump rate for the increased permeability. Several studies have investigated the incidence
of blepharitis in patients with CF 4. Mrugacz et al. 28] suggested increased blepharitis could indicate lipid dysfunction in
CF and that meibomian dysfunction was consistent with the glandular dysfunction observed in CF. Conjunctival xerosis is
characterized by keratinization and drying of the conjunctiva due to loss of goblet cells and basal cell proliferation. This
incidence of conjunctival xerosis in CF has been reported by several authors 2JBAEB1 Macular pigment is derived from
two carotenoids, lutein and zeaxanthin. Both the serum lutein and zeaxanthin concentrations as well as the macular
pigment optical density were observed to be significantly lower in CF patients 32. Even at a very early stage of CF
disease development (newborns), ocular disorders have been observed B84, As babies with CF frequently present with
lower birth weights (which itself has been associated as a risk factor for ametropia, strabismus, and amblyopia), early and
regular eye examinations for all children with CF remain essential.

| 4. MNPs as Carriers for Drug Delivery

Magnetic nanoparticles differ from the rest of the nanocarriers due to their magnetic properties that make them unique for
drug delivery. Drugs molecules can be conjugated to the shell of magnetic nanoparticles to be injected into the body and
be concentrated in a local area (avoiding the damage to other tissues) due to the effect of an external magnetic field.
Owing to the MNPs large surface-to-volume ratio, it offers numerous chemically active sites for biomolecule conjugation
331 |t helps to increase the drug circulation time into the organism and to get the target site. Furthermore, these
functionalized magnetic nanoparticles can act as hyperthermia agents, providing a more potent therapeutic effect since
the increase in temperature in a specific site promote tumor cell death without altering normal cells 837, Besides,
magnetic nanoparticles can be easily visualized by magnetic resonance imaging (useful for diagnosis) by the application
of an external magnetic field B8], The most frequent magnetic nanoparticles used in biomedical applications are magnetite
(Fe30,) or maghemite (yFe,O3) due to their higher biocompatibility and stability 22, The physicochemical properties of
MNPs (such as size, shape, charge, and anisotropy) also are known to affect cellular responses, such as the
internalization rates and mechanisms or cytotoxicity #9. It is crucial to predict all these parameters in the nanoparticles
synthesis to get the maximum therapeutic treatment. Iron oxide nanoparticles (IONPs) have been described to be easily
modulated in terms of size, shape, and magnetic hyperthermia response.

Several research works described the use of MNPs in vitro and in vivo as therapeutic agents for the treatment of certain
ocular tumors, such as retinoblastoma, uveal melanoma, choroidal melanoma, and choroidal hemangioma. For example,
Demirci et al. demonstrated that IONPs can act as efficient therapeutic nanoheaters able to target exclusively the drug
delivery in the eye by intravitreal injection and the application of an external magnetic field for the treatment of
retinoblastoma 411, The IONPs used in this study were coated with dextran and were tested in the Y79 retinoblastoma cell



line, resulting in selectively killing retinoblastoma tumor cells via the activation of apoptotic pathways. Latorre et al. used
gold nanoclusters coated with albumin for the treatment of uveal melanoma 2. These nanoclusters were loaded with the
AZD8055 drug, a selective inhibitor of mTOR that prevents the proliferation of uveal melanoma tumor cells. The
therapeutic efficacy was tested in vitro and compared with non-tumoral keratinocytes, showing the high selectivity of the
tumor cells. These AZD8055 nanoculsters were tested in vivo, using a mouse model, demonstrating the potential for
stopping uveal melanoma metastasis. Giannaccini et al. demonstrated that intravitreally injected MNPs were able to
localize rapidly in the retinal pigment epithelium (RPE) as a potent therapeutic tool for the treatment of choroidal
melanoma “2l. These MNPs were functionalized with the vascular endothelial growth factor to produce transcytosis from
the RPE towards more posterior layers in the eye. Orynbayeva et al. studied the internalization of polymeric-coated MNPs
on primary rat endothelial cells, showing that MNPs are potent targeting and therapeutic agents that did not affect the
structural integrity and functionality of the primary endothelial cells 441 Yanai et al. used IONPS for intravitreal injection or
via the tail vein in a transgenic rat model of the retina, showing the efficacy of targeting the upper hemisphere of the
rodent retina (43,
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