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Abstract: Topical drug delivery is one of the most challenging aspects of eye therapy. Eye drops
are the most prevalent drug form, especially for widely distributed anterior segment eye diseases
(cataracts, glaucoma, dry eye syndrome, inflammatory diseases, etc.), because they are convenient
and easy to apply by patients. However, conventional drug formulations are usually characterized
by short retention time in the tear film, insufficient contact with epithelium, fast elimination, and
difficulties in overcoming ocular tissue barriers. Not more than 5% of the total drug dose administered
in eye drops reaches the interior ocular tissues. To overcome the ocular drug delivery barriers and
improve drug bioavailability, various conventional and novel drug delivery systems have been
developed. Among these, nanosize carriers are the most attractive. The review is focused on the
different drug carriers, such as synthetic and natural polymers, as well as inorganic carriers, with
special attention to nanoparticles and nanomicelles. Studies in vitro and in vivo have demonstrated
that new formulations could help to improve the bioavailability of the drugs, provide sustained
drug release, enhance and prolong their therapeutic action. Promising results were obtained with
drug-loaded nanoparticles included in in situ gel.

Keywords: ocular drug delivery; anterior segment of the eye; nanoparticles; nanomicelles; in situ
gels; ocular barriers

1. Introduction

According to the World Health Organization data, about 300 million people are living
with serious vision disorders worldwide. The number of people who live with some form
of distance or near vision impairment is about 2.2 billion, among them 33.6 million people
are blind, while in at least 1 billion cases vision impairment could have been prevented [1].

Most of the patients with eye diseases receive drug therapy. The bioavailability of
the ophthalmic drugs after systemic administration is strongly restricted by the blood-
ocular barrier system formed by two main barriers: the blood-aqueous barrier for the
anterior segment and the blood-retinal barrier for the posterior eye segment (Figure 1).
The former consists of the tight junctions of the non-pigmented epithelium of the ciliary
body, iris tissues, and the iris blood vessels. This barrier limits the drug access to the
anterior segment of the eye. The blood-retinal barrier is formed by junctions between
retinal capillary endothelial cells and the tight junctions between retinal pigment epithelial
cells [2].
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Figure 1. The scheme of the eye. The ocular globe can be conditionally divided into two parts: the anterior segment and the

posterior segment. The anterior eye segment consists of the cornea, conjunctiva, iris, ciliary body, lens, and aqueous humor,

while the sclera, choroid, retina, and vitreous body form the posterior segment. Created with BioRender.com.

The required amount of eye medication by local administration is significantly less
than that by systemic administration. Local injections (subconjunctival or intravitreal) of
the drugs are traumatic and have to be performed by medical personnel only. Topical
administration of eye medications in the form of eye drops or gels is more favorable, as
it can be easily performed by patients themselves. Eye drops are the most prevalent way
of therapy for anterior eye segment diseases because they are convenient, demand less
amount of the drug, and, consequently, are much less likely to cause side effects than after
systemic administration. It is the major delivery route used for optimal drug absorption,
especially for the treatment of anterior eye segment diseases. Eye drops represent about
90% of the marketed ophthalmic formulations [3-8].

However, only not more than 5% of the total dispensed dose of the drug adminis-
tered in eye drops reaches the interior ocular tissues [9]. Only ~30 uL of the liquid drug
formulation can be applied to the eye due to the limited ocular surface area, and most
of it is rapidly eliminated from the eye surface due to the tear turnover, blinking, and
nasolacrimal drainage. Two minutes after instillation, about 60% of the drug was reported
to be eliminated; after 8 min, the drug was diluted at 1/1000 and after 15-25 min, almost
all an active ingredient was eliminated from the eye surface [10].

Besides, tissue and fluid eye barriers restrict the influx of the active substance into the
inner eye structures. The main route of topically administered agents into the anterior seg-
ment of the eye is via absorption through the cornea and conjunctiva with the subsequent
transfer into the anterior chamber. The tear film on the cornea and conjunctiva covering
the rest eye surface and the interior surface of the eyelids is the first permeability barrier
limiting intraocular drug delivery. Tear film covers, hydrates, and protects the ocular
surface, provides the eyelids sliding, and may delay the penetration of drugs into the eye.
The human conjunctival sac can transitorily contain about 30 uL of tear fluid, and normal
tear volume is estimated at roughly 7 pL. Tears have a high turnover rate (restoration
time of 2-3 min), thus limiting ocular residence time for a drug [11]. The tear film is a
thin transparent fluid layer composed of three phases including an outer lipid phase, an
intermediate aqueous phase, and an inner mucin layer (Figure 2). The external lipid layer is
0.1 microns thick and prevents the evaporation of the tear film, as well as prevents the tear
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overflow. The 7-8 microns aqueous layer is the main component of the tear film. Proteins
and enzymes in the aqueous phase can bind and metabolize the active drug, leading to the
decrease of ocular drug bioavailability. The mucin inner layer has a thickness of 0.2 microns.
Mucins of the tear film are heavily glycosylated proteins (glycoconjugates). High sialic acid
and sulfate content in most mucins provide a net-negative surface charge of the eye [12].
Thus, mucins can attract or repulse drugs via electrostatic interactions depending on the
charge of the drug molecule or carrier system [5,13]. The osmolarity of the tear fluid is
close to that of the blood, however, tears also contain weak buffering systems in the form
of carbonate ions and weak organic acids, which can change the extent of drug ionization
and, therefore, its bioavailability [11].
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Figure 2. Schematic representation of the structure and composition of the cornea and the tear film. The cornea consists

of the tear film, epithelium, Bowman’s membrane, stroma, Descemet’s membrane, and inner endothelium. The tear film

consists of the outer lipid phase, intermediate aqueous phase, and mucus. Created with BioRender.com.

The bulbar conjunctiva is a mucous membrane that covers the sclera, and the palpe-
bral conjunctiva lines the inner side of the eyelids. Conjunctiva consists of the surface
epithelium and inner stroma layer that comprise connective tissues with blood and lym-
phatic vessels. Conjunctiva is more permeable than the cornea, and its surface area is about
17 times larger than that of the cornea. Conjunctiva may provide a preferred route for
the absorption of large and hydrophilic molecules [14,15]. However, it is highly vascu-
larized, and drugs penetrating the conjunctiva may be absorbed systematically directly
from the conjunctival sac or the nasal cavity and reach general blood circulation rather
than intraocular segments [8,16]. It may cause significant drug loss into the systemic
circulation thereby lowering its ocular bioavailability. To improve the efficacy of drug
delivery via the topical route, high drug concentrations and repeated instillations are often
required to reach the desired therapeutic effects, which can cause side effects and poor
patient compliance [16]. In particular, children have a much higher risk of systemic side
effects because their physiological development differs from that of adults, and dosing of
ophthalmic drugs is not weight adjusted [17].

The cornea is the most significant mechanical and chemical barrier to ophthalmic
drugs. It is an optically transparent avascular structure, 0.5—0.7 mm thick, consisting of
five layers: epithelium, Bowman’s membrane, stroma, Descemet’s membrane, and endothe-
lium [18] (Figure 2). The layers forming substantial permeability barriers are epithelium
and stroma. The external corneal stratified multilayer epithelium is a hydrophobic layer
with tight junctions between epithelial cells which forms a tight barrier for the hydrophilic
drugs [19]. The high lipophilicity of the epithelium offers the penetration of up to 90% of
lipophilic drug molecules and only about 10% of hydrophilic molecules [20]. The presence
of drug-degrading enzymes in the epithelium represents another reason for low topical
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drug bioavailability [21-23]. The next layer placed right underneath the epithelium is the
Bowman’s membrane—an acellular layer, consisting primarily of collagen. The middle
corneal layer is a stroma forming about 90% of the total thickness of the cornea. It consists
of collagen, other proteins, mucopolysaccharides, and nearly 80% of water. As opposed to
the epithelium, stroma limits the penetration of hydrophobic drugs. Next to the stroma is
the Descemet’s membrane supporting the internal corneal layer—endothelium, a single
layer of epithelia-like cells important in regulating stromal hydration, but a weaker barrier
for the drugs than the external layers [20].

The principal problems in ocular drug delivery via topical administration are poor
permeability of tissues and short residence time in the tear film. So, two main strategies
have been followed to improve ocular bioavailability upon topical administration: (a) in-
creasing pre-corneal retention time, and (b) enhancing corneal, scleral, and/or conjunctival
drug permeability [2]. To overcome the ocular drug delivery barriers and improve the drug
bioavailability, various conventional and novel drug delivery systems have been developed
such as emulsions, ointments, suspensions, aqueous gels, nanomicelles, nanoparticles, li-
posomes, dendrimers, implants, contact lenses, nanosuspensions, microneedles, in situ
thermosensitive gels, etc. Among these, nanosize carriers are the most attractive, as they
could enhance drug permeability across the blood-aqueous barrier and cornea, prolong
drug contact time with ocular tissues, deliver drugs to a specific tissue in a controlled
manner, protect drugs from degradation and metabolism to enhance drug stability, sustain
drug release for a long time, diminish toxicity and side effects, maintain long shelf-life,
while not needing to reconstitute or surgical removal [24].

Drug-loaded nanoparticles /hydrogels do not enter cells via diffusion. The endocytosis
pathway is related to the penetration of drug-loaded nanoparticles/hydrogels into the cell,
and the relationship between endocytosis and nanoparticle-based drug delivery has been
revealed by many researchers. The interactions between the nanoparticles and the cell
membrane generate forces of different origins and lead to the membrane wrapping of the
nanoparticles followed by cellular uptake [25].

Various approaches have been extensively described in several reviews concerning
different aspects of ocular drug delivery (e.g., [2,5,11,12,20,26-31]).

Here, we present basic data for the last ten years with particular interest to the ocular
drug delivery to the anterior segment of the eye. Eye pathologies involving the anterior
segment are widely distributed and include cataracts, dry eye syndrome, inflammatory
diseases, infectious diseases, glaucoma, tumors, trauma (including eye burns), congenital
and acquired abnormalities, and ocular manifestations of systemic diseases.

2. Polymeric Nanoparticles

Over the past decades, polymeric nanoparticles have become widespread in the field
of drug delivery [8,13,29,30,32-36]. Polymeric nanoparticles are defined as particles with a
diameter of less than 1000 nm, consisting of various biodegradable polymeric materials.
Nanoparticles need to be retained in the conjunctival sac, following topical instillation and
subsequent release of the drug from the drug delivery system to achieve sustained drug
release and long-term therapeutic activity. If the drug is washed out of the nanoparticles too
quickly or too slowly, there would be either insufficiently sustained release of the drug or
the concentration of the drug in tears might be too low to ensure the adequate healing effect.
For effective retention, it is important to obtain nanoparticles from bioadhesive materials,
otherwise, drug-containing nanoparticles would be eliminated from the precorneal site
almost as quickly as a drug in solution.

As a basis for polymer nanoparticles, the following polymers are usually used:
poly(D,L-lactide-co-glycolide) (PLGA); poly(e-caprolactone) (PCL); polyacrylamide;
Eudragit® (RS100 and RL100); polycyanoacrylate (PCA); polymethylmethacrylate; as
well as natural polymers, e.g., chitosan, gelatin, sodium alginate, and albumin. Ophthalmic
medications can be embedded directly into the nanoparticle matrix or attached to the
surface of the nanoparticle.
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Drug-loaded polymeric nanoparticles can represent nanospheres, where a drug is
evenly distributed over the polymer matrix, or nanocapsules, where a drug is enclosed
within the polymer shell. Besides, hydrophilic polymers such as polyethylene glycol
(PEG) and polyvinylpyrrolidone (PVP) can bind to mucins by hydrogen bonds and/or
electrostatic interactions. This ability could provide the increased contact time of the
drug carrier with the ocular surface. A long period of contact is needed for the improved
bioavailability of the ophthalmic drug and, in general, for the duration of the drug’s action
and controlled release of the drug from the delivery system.

The first generation of polymeric nanoparticles from the acrylic polymer PCA demon-
strated sustained release of an included drug, as well as retention of the drug on the corneal
surface [37,38]. However, after the discovery of PCA toxicity [39], polyacrylate (second
generation of nanoparticles) was considered to be more perspective [40]. Then, it was
demonstrated that nanoparticles consisting of polyesters (PCL and PLGA) are well tolerated
by the eyes [41], as well as nanoparticles consisting of hydrophilic polysaccharides, such as
hyaluronic acid and chitosan [42]. As the interaction of nanoparticles with the cornea is a
key for long-term drug action, the third generation of nanoparticles has been developed
which represent nanoparticles coated with a polymer having certain functional groups.

Table 1 illustrates some polymeric nanoparticles on the base of both natural and
synthetic polymers with included ophthalmic drugs.

Table 1. Polymer drug delivery systems target the anterior segment of the eye.

Polymer

Drug Key Results Ref.

Polymeric nanoparticles

Galactosylated chitosan

- Sustained release
- Formulation significantly improved the efficacy of the
Timolol drug in comparison with commercial timolol eye drops [43]
- Enhanced bioavailability in comparison with the
commercial timolol eye drops

Chitosan

- Sustained release for 24 h
- Good transcorneal permeation with non-significant
changes in cornea anatomy
Carteolol - Good spread and retention in the precorneal area as [44]
compared to the aqueous carteolol solution
- Prolonged reduction of IOP !

Chitosan, PCL

- 2-fold enhancement in permeation across goat cornea
- 3.7-fold higher mucoadhesive strength of nanoparticles
compared to the control [45]
- Nanoparticles were non-irritant and safe for ocular
administration

Dorzolamide

Chitosan

- Significant increase in ganciclovir AUC 2 (~4.99-fold) and
) ) Crax (2.69-fold) in aqueous humor compared to
Ganciclovir ganciclovir solution [46]
- Sustained release

Chitosan

- Cyclosporin A was detected in both aqueous and vitreous
) humor samples for 72 h
Cyclosporin A - 2-fold of increase in CsA amount incorporated did not [47]

influence the ocular penetration of the active agent
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Table 1. Cont.

Polymer

Drug

Key Results

Ref.

Chitosan

Daptomycin

Encapsulation efficiency ranged from 80 to 97%
Antimicrobial activity of daptomycin was preserved into
chitosan nanoparticles

[48]

Chitosan

Diclofenac

Nanoparticles exhibited significantly higher antibacterial
activity against S. aureus and B. subtilis

[49]

N-Trimethyl Chitosan

Diclofenac

Longer retention of the drug in the composition of the
particles in an aqueous humor of the rabbits

[50]

Glycol chitosan

Dexamethasone

Progressive release (up to 80%) of the druginup to 8 h
The drug within particles penetrated the cornea and
stayed longer on the corneal surface

[51]

Chitosan

Rosmarinic acid

The nanoparticles were non-cytotoxic to the retinal
pigment epithelium (ARPE-19) and the human corneal
cell line (HCE-T)

[52]

Chitosan, sodium alginate

Azelastine

Maximum drug entrapment of 73.05% with 65% mucin
binding efficiency

Controlled release over the 8-h period

Higher reduction of conjunctival hyperemia and edema

[53]

Chitosan, sodium alginate +
chitosan coating

5-fluorouracil

Sustained release

Significantly greater level of the drug in aqueous humor
The enhanced mucoadhesiveness of chitosan-coated
chitosan-alginate nanoparticles

Crax (24.67 pg/mL) for 5-fluorouracil in nanoparticles
was 4-fold higher than 5-fluorouracil solution

[54]

Chitosan, sodium alginate

Brimonidine

The IOP !-lowering effect of the formulation lasted for
more than 25 h after a single topical instillation compared
with the marketed brimonidine tartrate eye drops

[55]

Chitosan, sodium alginate

Betamethasone
sodium phosphate

Sustained release

Encapsulation efficiency was 64%

84% of the drug was delivered by nanoparticles to the
vitreous humor over 5 h and disappeared after 24 h

[56]

Chitosan, sodium alginate

Timolol maleate

No sign of ocular irritation

AUC ? values were found to be 2.27-fold higher for
nanoparticle solutions compared to marketed eye drops

[57]

Albumin, chitosan

Atropine sulfate

Superior effects on mydriasis in rabbits than the
commercial solutions
Increased bioavailability

[58]

Chitosan/PEG

Resveratrol and
Quercetin

Resveratrol in the particles penetrated through the cells of
the cornea 6 times higher than the free drug in the ex vivo
experiments

Obtained formulations caused a sustained and enhanced
decrease in IOP ! (5.5 £ 0.5 mm Hg) of normotensive
rabbits

[59]

Gelatin

No serious irritation to the rabbit eyes

[60]

Gelatin

Moxifloxacin

A burst effect in the first hour followed by a controlled
release of the drug for the subsequent 12 h

In vivo antibacterial activity of the nanosuspension was
more effective against S. aureus than the commercially
market product

No sign of ocular irritation

[61]
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Table 1. Cont.

Polymer

Drug

Key Results

Ref.

Gelatin

Plasmid
pPMUC5AC

MUC5AC mRNA and protein were detected in
conjunctival cells after in vitro transfection of the
nanoparticles

Significantly higher MUC5AC expression in the
conjunctiva compared to untreated control and naked
plasmid

[62]

Eudragit RL 100

Aceclofenac

2-fold higher permeation of the drug through excised
cornea compared to a marketed aqueous solution of
Aceclofenac

No signs of corneal damage

Significantly higher inhibition of polymorphonuclear
leukocytes migration and lid closure scores by the
nanoparticle formulation

Two-year shelf life at room temperature

[63]

Eudragit RS 100

Aceclofenac

Higher entrapment efficiency of aceclofenac

(94.53 £ 1.0%) with prolonged in vitro drug release
profiles

Higher transcorneal permeation as compared to
aceclofenac aqueous solution

Optimal efficacy of the nanoparticles with significantly
higher inhibition of polymorphonuclear leukocytes
migration

[64]

Eudragit RL 100

Acetazolamide

The optimum drug concentration at the ocular site for 8 h

Significant IOP ! drop with longer effect

[65]

Eudragit RL 100

Tacrolimus

Long-term stability

Slower elimination with a 1.7-fold higher maximum
concentration of Tacrolimus and 5.3-fold higher AUC 2
than the aqueous solution

[66]

PLGA

Fluorometholone

Greater anti-inflammatory effects than the commercial
formulation

No signs of irritation in the different structures (cornea,
iris, and conjunctiva)

Nanoparticles were stable at 25 °C for 15 days

[67]

PLGA

Aceclofenac

2-fold increase in transcorneal permeation of drug from

nanoparticles formulation as compared with an aqueous

solution of aceclofenac
No signs of irritation

[68]

PLGA

Tacrolimus

No signs of irritation

Significant increase in Tacrolimus AUC 2 (~2.7-fold) and
Tmax (2.33-fold) in aqueous humor compared to
tacrolimus solution

[69]

PLGA

Tacrolimus

No signs of eye irritation in rabbits
The superiority of the nanoparticles in retention and

permeation into the anterior chamber of the eye compared

to the free drug dissolved in oil

A significant decrease in four typical inflammatory
markers in a murine model of keratitis, an anterior
chamber inflammation

Clinical and histological efficacy in the mainly posterior
chamber inflammation model of murine, experimental
autoimmune uveitis

[70]
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Table 1. Cont.

Polymer

Drug

Key Results

Ref.

PLGA

Pranoprofen

High encapsulation efficiency 80%

In vivo ocular tolerance and in vivo anti-inflammatory
efficacy of nanoparticles in comparison to eye drops
conventional dosage form (Oftalar®) and free drug
solution

[71]

PLGA

Xanthohumol

A significant increase in expression of the transcription
factor nuclear factor erythroid 2

Cytoprotective against oxidative stress in vitro, and
significantly reduced ocular surface damage and
oxidative stress-associated DNA damage in corneal
epithelial cells in the mouse desiccating
stress/scopolamine model for dry eye disease in vivo

[72]

PLGA

Dorzolamide

No signs of eye irritation in rabbits
Similar efficacy on IOP ! lowering between one drop of
nanoparticles and 4 drops of TRUSOPT®

[73]

PLGA-PEG

Dexibuprofen

Enhancing drug retention from nanoparticles and
transcorneal permeation

No signs of eye irritation in rabbits

Stability at 25 °C for three months

[74]

PCL

Celecoxib

Drug release was in sustained fashion (<75% drug
released after 8 h)

2-fold higher corneal permeation ex vivo

High anti-inflammatory activity against arachidonic
acid-induced ocular inflammation in vivo than marketed
formulation

[75]

Polymeric micelles

PEG-PCL

Pimecrolimus

High drug encapsulation capability (97.9%)
Sustained release
High efficacy against Keratoconjunctivitis Sicca

[76]

PEG-PLA 3

Cyclosporine A

Cyclosporin A -loaded micellar lyophilized powder was
stable for at least 3 months

4.5-fold increase in retention effect compared with 0.05%
Cyclosporin A emulsion

[77]

PVCL 4-PVA 3-PEG

Myricetin

Enhanced Myricetin’s aqueous solubility and chemical
stability

High storage stability

Good in vitro cellular tolerance

Significant improvements in the in vitro antioxidant
activity and in vivo anti-inflammatory efficacy against dry
eye syndrome

[78]

PEG-PLA 3

Axitinib

The area of neovascularization decreased with the use of
nanomicelles which confirmed the anti-angiogenic effect
of Axitinib-loaded micelles

No signs of eye irritation in rabbits

[79]

PEG-PCL

Dexamethasone

Better inhibitory effect on anterior uveitis in rabbits than
the marketed eye drop

The cumulative transcornealpermeation of
dexamethasone from the micelles (24.33% in 24 h) was
higher than that of the marketed eye drop (20.96% in 24 h)

[80]
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Table 1. Cont.
Polymer Drug Key Results Ref.
) - More effective compared to the free enzyme in decreasing
PEG-Polylysine queroxufle immunogenic uveitis in rabbits [81]
dismutase - Nosigns of eye irritation in rabbits
- High storage stability
) ) - Pronounced therapeutic effect without side reactions such
Protamine, o Su.perox1de as eye irritation [82]
PEG-b-Polyglutamic acid dismutase - Penetration into anterior eye structures more effectively

than the free enzyme

Tetronic 701,Synperonic
PE/F127,Synperonic® PE/P84

- A sharp solubility increase from 0.0318 mg/mL up to

more than 2.34 mg/mL, representing about a 73-fold

increase [83]
- The non-irritant nature and good corneal penetrating

power of the proposed nano-formulation

Lornoxicam

1 JOP—Intraocular pressure; 2 AUC—Area under the pharmacokinetic curve; 3 PLA—poly(lactide); * PVCL—poly(N-vinylcaprolactam);

5 PVA—Polyvinyl acetate.

2.1. Natural Materials
2.1.1. Chitosan

The surface charge of the drug carrier strongly affects the efficiency of the drug
penetration into the eye and positively charged carriers (particles) have an advantage over
negatively charged or neutral carriers (particles) due to their estimated interaction with
mucins and, as a result, a longer retention time of the drug on the surface of the eye [84].
Therefore, cationic carriers, such as mucoadhesive chitosan, appear to be promising for
drug delivery to the eye [45,85]. A mucoadhesiveness of chitosan is associated not only
with electrostatic interactions but also with hydrogen bonds and hydrophobic effects [86].

Chitosan is a linear polysaccharide composed of D-glucosamine (deacetylated unit)
and N-acetyl-D-glucosamine (acetylated unit) which is produced commercially by deacety-
lation of chitin. On average, the molecular weight of chitosan is 3.8-20 kDa. Chitosan can
be applied as chitosan nanoparticles containing ocular drugs [48-52,59] and as a modifier
(coating agent) of other nanocarriers, such as alginate [54] and PLGA [87]. Chitosan-based
particles are usually obtained by ionotropic gelation with a polyvalent anion, most often
sodium tripolyphosphate, as a crosslinking agent [49,59,88]. Chitosan particles are charac-
terized by a positive charge, usually more than +10 mV, and wide size distribution from
tens to hundreds nm [48,49,51,52].

During the last decade, chitosan has been widely used to develop nanoparticles
for drug delivery to the anterior segment of the eye. It showed promising results in
the delivery of a variety of drugs, such as 3-blockers timolol [43] and carteolol [44,89],
anti-glaucomatous agent, dorzolamide [45], anti-viral drug ganciclovir [46], immunosup-
pressant cyclosporine A [47], non-steroid anti-inflammatory drug indomethacin [90], etc.
Table 1 shows some characteristics of chitosan nanoparticles containing various drugs.

In vitro experiments showed that drug compounds included in chitosan particles were
slowly released from the particles in physiologically relevant conditions in a time from half
an hour to up to two days [49,51]. A model fluid simulating tear fluid and containing mucin
and lysozyme did not affect the stability of chitosan particles [48], but a decrease in the
(-potential of the particles indicated their interaction with mucin [48,52]. Chitosan particles
containing rosmarinic acid, which has anti-inflammatory and anti-viral activity, did not
show cytotoxicity towards the cells of the retinal pigment epithelium (ARPE-19) and the
human corneal cell line (HCE-T) [52]. At the same time, chitosan particles containing
diclofenac, a nonsteroidal anti-inflammatory drug, exhibited high antibacterial activity
against S. aureus and B. subtilis [49]. The strong anti-inflammatory drug, dexamethasone,
showed even more pronounced anti-inflammatory properties when incorporated into
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chitosan particles as it strongly suppressed the release of NO, TNF-«, and interleukin 6
from macrophage cells [51].

The data presented in Table 1 demonstrate that the inclusion of ocular drugs in
chitosan particles increased the contact of the formulations with mucins on the ocular
surface [48,52], increased the residence time of the drugs in aqueous humor after single
instillation [50], and significantly increased the rate of drug penetration through the corneal
cells in the ex vivo experiments [59]. Moreover, it was shown that the drugs decreasing
intraocular pressure (IOP) performed this function more effectively in the form of the
drug-containing chitosan particles [59].

Synthetic polymers are usually not mucoadhesive, so this causes some limitations in
bioavailability at the surface of the cornea. To overcome this limitation, several synthetic
polymer formulations have been combined with chitosan. For example, chitosan has been
used as a coating agent for PLGA nanoparticles containing forskolin; this way, a greater
IOP lowering effect and duration of action were achieved [87]. Chitosan-coated PLGA
nanoparticles have also been used to deliver glucocorticosteroid, fluocinolone acetonide, to
the anterior segment of the Albino rabbit eye [91]. The results showed that the chitosan
coating increases the bioavailability of the particles and slows down the drug release
from PLGA nanoparticles. Due to its hydrophilic properties, chitosan is not suitable
for encapsulating hydrophobic drugs. For this purpose, copolymers of chitosan with
grafted PLA and PEG were suggested as ophthalmic drugs carriers to improve drug
delivery [92,93].

Chitosan-coated PCL nanoparticles loaded with carbonic anhydrase inhibitor, dorzo-
lamide, were developed for improved ocular delivery. The particle size, polydispersity
index, (-potential, and encapsulation efficiency of the nanoparticles were found to be
192.38 + 6.42 nm, 0.18 £ 0.04, +5.21 £ 1.24 mV, and 72.48 + 5.62%, respectively. The
corneal flux experiment showed significant enhancement in permeation across goat cornea.
The particles demonstrated 3.7 fold higher mucoadhesive strength compared to the control,
were non-irritant and safe for ocular administration [45].

2.1.2. Alginate

Alginate, like chitosan, is a natural linear block polymer composed of blocks of (1—4)-
linked p-(1-4)mannunoric acid and (3-(1-4)guluronic acid and characterized by a molecular
mass from 10 to 600 kDa. Despite its negative charge, alginate possesses good mucoadhe-
sive properties due to its ability to make contact with mucin glycoproteins via H-bonds
by a large number of hydroxyl groups [13]. Bioadhesive anionic alginate nanoparticles
were prepared for the drug delivery and sustained release of the anti-glaucomatous agent,
brimonidine [55]. Nanoparticles were prepared using a spontaneous emulsification sol-
vent diffusion method. The in vivo study revealed that the IOP-lowering effect of the
formulation lasted for more than 25 h after a single topical instillation [55].

Alginate, however, has low stability, which limits its use in the design of drug delivery
systems for prolonged drug release. For this reason, a mixture of chitosan and alginate was
suggested for nanoparticle formulations. For example, alginate-chitosan microspheres were
shown to increase the retention time of azelastine, a drug used for the treatment of allergic
conjunctivitis, in the conjunctival sac and on the corneal surface, as well as to improve
therapeutic efficacy in vivo [53]. The microspheres were characterized by an average
particle size from 3.55 to 6.70 um and C-potential from +24.55 to +49.56 mV. These alginate-
chitosan microspheres showed 73% drug entrapment and 65% mucin binding efficiency
and revealed a controlled drug release over 8 h. The advantages of the complex chitosan-
alginate nanoparticles were also demonstrated in [56], where the particles containing
glucocorticosteroid, betamethasone, were obtained. The mean particle size ranged from
16.8 to 692 nm and (-potential generally ranged from +18.49 to +29.83 mV depending on
the synthesis conditions. The in vivo studies carried out for two selected formulations
showed the release of 84% and 59.5% of the drug over 12 h [56].
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Another study [54] compared the effect of the additional chitosan coating of chitosan-
alginate nanoparticles on the delivery of 5-fluorouracil (5-FU), cytotoxic medication. Un-
modified chitosan-alginate nanoparticles did interact with mucin while an enhanced
viscosity was observed after coating of nanoparticles with chitosan. Chitosan-coated
nanoparticles provided a sustained release of 5-FU after the high burst effect. The experi-
ments in vivo showed a significantly higher level of 5-FU in aqueous humor of rabbits as a
result of drug delivery by chitosan-coated chitosan-alginate nanoparticles. The enhanced
mucoadhesiveness of chitosan coating of chitosan-alginate nanoparticles results in higher
bioavailability as compared to the uncoated nanoparticles [54].

2.1.3. Other Natural Polymers

Other the most common natural polymers used as drug carriers are albumin, gelatin,
and hyaluronic acid. Albumin particles containing anti-inflammatory piroxicam caused a
1.8-fold increase in bioavailability after its topical instillation in the eye of rabbits in compar-
ison with the standard commercial eyedrops [94]. Albumin has also been combined with
chitosan to create microspheres loaded with anesthetics tetracaine [95] and atropine [58].
It appeared that microencapsulated tetracaine and atropine significantly increased the
duration and peak value of the effect of drugs compared to standard drug solutions.

Gelatin nanoparticles were also selected for topical drug delivery to the eye because of
their biocompatibility and biodegradability. It was shown that positively charged gelatin
nanoparticles with a size of 180.6 £ 45.7 nm were efficiently adsorbed on the negatively
charged cornea without irritating the eyes of the rabbits and can be retained there for a
long time [60]. Development of gelatin nanoparticles loaded with moxifloxacin resulted in
the generation of positively charged nanoparticles with ¢-potential +24 + 0.12 mV and a
narrow particle size of 175 &= 1.11 nm [61]. In vitro drug release from these nanoparticles
exhibited an initial burst in the first hour followed by a slow controlled release of the
drug for the subsequent 12 h. The in vivo tolerance tests revealed that the drug-loaded
nano-formulations were non-irritant to the ocular tissues indicating their safety. Anti-
bacterial activity of the suspension of nanoparticles with moxifloxacin was more effective
against S. aureus than the MoxiGram, a commercially market product [61]. Cationic
gelatin can be also combined with polyanions, chondroitin sulfate, or dextran sulfate,
to obtain hybrid nanoparticles. This approach was applied to transfect ocular epithelial
cells by the nanoparticles using a plasmid specially designed to encode human MUC5AC
mucin [62]. MUC5AC mRNA and protein were detected in conjunctival cells after in vitro
transfection of the nanoparticles. Administration of the nanoparticles in the experiments
in vivo resulted in significantly higher MUC5AC expression in the conjunctiva compared
to untreated control and naked plasmid [62].

2.2. Synthetic Materials
2.2.1. Eudragit

Eudragit is the trade name used for synthetic copolymers derived from esters of
acrylic and methacrylic acid. Eudragit polymers present great versatility according to the
functional groups in the side chain of the polymer. These polymers have been used to suc-
cessfully deliver the drugs to the ocular surface, e.g., anti-inflammatory aceclofenac [63,64]
and diclofenac [96], as well as anti-glaucomatous acetazolamide [65]. Eudragit RL 100-
based and Eudragit RS 100-based nanoparticles containing aceclofenac were obtained by
nanoprecipitation [63,64]. The studies in vivo involving arachidonic acid-induced ocular
inflammation in rabbits revealed significantly higher inhibition of polymorphonuclear
leukocytes migration and lid closure scores by the nanoparticle formulations compared
with the aqueous solution of aceclofenac. The formulations were quite stable to ensure
two-year shelf life at room temperature.

Acetazolamide-loaded Eudragit® RL 100 nanoparticle suspension has a more sub-
stantial and prolonged decreasing effect on the IOP than acetazolamide in solution [65].
The short-term study showed that the formulations did not change their physicochemi-
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cal properties after 6 months of storage at various temperatures. Eudragit RL 100-based
nanoparticles loaded with immunosuppressor, tacrolimus, were also obtained for topical
ocular application [66]. The nanoparticles exhibited monomodal size distribution with a
mean diameter of 104 = 1 nm, positive (-potential, and mucoadhesive properties. The
in vivo safety investigation showed no signs of ocular irritation both by ophthalmolog-
ical examination and histopathological study. The authors declared the slow release of
tacrolimus from the particles and much better penetration of tacrolimus-loaded nanoparti-
cles to the eye than the drug in solution [66].

222.PLGA

PLGA is a synthetic copolymer of poly(lactic acid) and poly(glycolic acid) known for
its biodegradability and biocompatibility. PLGA nanoparticles were developed for the
delivery of glucocorticoid fluorometholone [67] and anti-inflammatory aceclofenac [68] to
the eye. Fluorometholone-loaded PLGA nanoparticles were characterized by a negative
(-potential, about —30 mV, and an average size below 200 nm. These nanoparticles had sig-
nificantly greater anti-inflammatory effects than the commercial formulation, Isoptoflucon®
and nanoparticles increased drug penetration toward the vitreous [67]. PLGA-nanoparticles
loaded with aceclofenac and obtained by direct precipitation method were characterized by
the particle size from 162.6 to 244.13 nm and by negative (-potential of —21.5 to —25.5 mV.
An in vivo ocular anti-inflammatory study in the rabbit eyes confirmed better efficacy
of drug-loaded nanoparticles compared with the drug solution [68]. PLGA nanoparti-
cles loaded with tacrolimus were also designed for topical ocular instillations by two
research teams [69,70]. Alshamsan et al. developed PLGA-tacrolimus nanoparticles by
the emulsification-diffusion method. It was shown that the entrapment of tacrolimus by
nanoparticles significantly enhanced its ocular bioavailability [69]. Benita et al. developed
PLGA-tacrolimus nanoparticles by a well-established solvent displacement method. It
is worth noting that multiple-dose ocular instillation of the nanoparticles in rat eyes al-
lowed high tacrolimus levels within the eye with very low concentrations of tacrolimus in
plasma [70].

PLGA nanoparticles loaded by anti-inflammatory drug, pranoprofen, were charac-
terized by a mean particle size of 350 nm, with a polydispersity index below 0.1, and a
negative charge of —7.41 mV. The putative irritancy of nanoparticles was examined on
New Zealand white rabbits which tolerated well the topical instillations of nanoparticles
suspension to the eye; moreover, nanoparticles significantly reduced the ocular edema [71].
PLGA nanoparticles encapsulating flavonoid, xanthohumol, were found to be cytoprotec-
tive against oxidative stress in vitro, and significantly reduced ocular surface damage and
oxidative stress-associated DNA damage in corneal epithelial cells in the mouse desiccating
stress/scopolamine model for dry eye disease in vivo [72]. Besides, the antioxidant com-
pound, ferulic acid, was also loaded into PLGA nanoparticles because of its poor solubility
and, therefore, low therapeutic efficacy. The authors demonstrated the absence of cytotoxic-
ity of the obtained stable formulation on retinal pericytes and epithelial cells and suggested
that ferulic acid within PLGA nanoparticles could be used in ophthalmology [97].

Thus, in general, PLGA nanoparticles increase drug bioavailability, but PLGA copoly-
mer is not mucoadhesive. Therefore, mucoadhesive polymers, e.g., chitosan or PEG,
can be used as PLGA modifiers to enhance the affinity of the polymer to mucus [98,99].
So, chitosan-coated PLGA nano- and microparticles were obtained by the double emul-
sion solvent evaporation method [57] and by capillary microfluidic techniques [98]. The
chitosan-coated PLGA microparticles showed strong instant adhesion to mucins [98], while
chitosan-coated PLGA nanoparticles containing bevacizumab, a drug against a vascular
endothelium growth factor, demonstrated significantly higher flux through goat sclera [99].
Microparticles composed from PLGA and PEG and containing anti-glaucomatous dor-
zolamide showed a 35% greater IOP decrease and >2-fold prolongation of this effect
after topical instillation of particles suspension to the eye, as compared to Trusopt®, the
commercial eye drops of dorzolamide [73].
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As mentioned above, in the chapter on chitosan, to increase the mucoadhesiveness
of fluocinolone acetonide-loaded PLGA nanoparticles, surface modification was done
using not only chitosan but also stearylamine. Pharmacokinetic studies on Albino rabbits’
eyes using HPLC indicated that the prepared novel chitosan-coated PLGA nanoparticles
showed rapid and extended drug delivery to the eye in comparison with unmodified PLGA
nanoparticles [91].

2.2.3. PLA

Poly(lactide) (PLA) is a synthetic hydrophobic polyester synthesized by ring-opening
polymerization of lactide. PLA drug delivery systems have been widely used for various
biomedical applications [100]. Moreover, because of PLA hydrophobic nature poorly water-
soluble drugs are encapsulated in the particles formed by PLA better than hydrophilic ones.
However, biodegradation of PLA is relatively low in comparison with other polymers [101],
this is why PLA is usually grafted with other polymers to tailor its biodegradability [56].

Thus, the surface of the hybrid PLA-dextran nanoparticles was functionalized with a
mucoadhesive ligand, phenylboronic acid. These particles were characterized by particle
size ranging from 25 to 28 nm. Using cyclosporin A as a model drug, it was shown that
nanoparticles encapsulated up to 13.7 wt% of the drug and exhibited sustained release for
up to 5 d in vitro at a clinically relevant dose [102].

3. Polymeric Nanomicelles

Nanomicelles are composed of amphiphilic molecules (surfactants or block copoly-
mers) that self-organize in an aqueous solution to form organized supramolecular struc-
tures [103-105]. During micellization, hydrophobic segments join to form a core region,
while hydrophilic segments form a hydrophilic shell of micelles. Micelles of various sizes
(10-1000 nm) and shapes can be obtained depending on the molecular weight of the poly-
mer forming the core and crown-forming blocks. Micelle structure can be adapted to obtain
unique properties considering delivery requirements, e.g., prolonged stability of micelles
in tear fluid to increase the contact time with the cornea. A small particle size, ease of
preparation, a high ability to encapsulate a drug made nanomicellar technology popular
for ocular drug delivery [106,107]. Recently, nanomicellar approaches have been used with
both polymer and surfactant to deliver locally small molecules as well as genes to the
anterior segment of the eye [103,108].

In particular, most of the polymeric micelles used in drug delivery consist of am-
phiphilic di-block (hydrophilic-hydrophobic) polymers, tri-block (hydrophilic-hydrophobic-
hydrophilic) polymers, graft (hydrophilic-hydrophobic), and ionic (hydrophilic-ionic) copoly-
mers. For the majority of these systems, PEG is the primary hydrophilic segment. Also,
the hydrophilic outer part of polymeric micelles can be composed of poly(ethylene oxide)
(PEO), poly (acryloylmorpholine), poly(trimethylene carbonate), or poly(vinylpyrrolidone).
Block copolymers such as PEO-poly(L-amino acids) provide an additional advantage
to modify the properties of core-forming blocks. For example, the functional groups
of the block are capable of chemical conjugation with a drug allowing efficient deliv-
ery of therapeutic doses. The hydrophobic core of polymeric micelles is usually made
up of Pluronics (poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)),
poly(L-amino acids), such as poly(L-aspartate) and poly(L-glutamate), polyesters, such as
poly(glycolic acid, PLA, PLGA, and PCL.

One example of potent ophthalmic formulations on the base of nanomicelles is na-
nomicelles composed of PLA grafted with poly(methacrylic acid) and phenylboronic acid
for the delivery of cyclosporin A [109]. The nanomicelles showed low cytotoxicity in vitro
against human corneal epithelial cells and negligible ocular irritation in Sprague-Dawley
rats, suggesting good biocompatibility with the corneal surface. Thus, these micelles show
the potential to significantly improve the bioavailability of topically applied ophthalmic
drugs [109].
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Anti-inflammatory drug pimecrolimus, which selectively inhibits the production and
release of cytokines and mediators from T-lymphocytes and mast cells, was loaded into
nanomicelles based on PEG-PCL [76]. The micelles had a mean particle size of 37.85 nm,
which perfectly meets the requirement for corneal permeation. The encapsulation efficiency
of pimecrolimus was 97.9% =+ 1.26%. Pimecrolimus-loaded nanomicelles demonstrated
sustained drug release and were very effective in the treatment of keratoconjunctivitis on a
mouse model [76].

Putative synergistic performance of mixed polymeric micelles made of linear and
branched poly(ethylene oxide)-poly(propylene oxide) for more effective encapsulation of
anti-inflammatory agent, lornoxicam, was studied in [83]. The use of micelles allowed to
increase the solubility of this hydrophobic drug by about 73-fold. Further investigations
by histopathological and confocal laser studies revealed the non-irritant nature and good
corneal penetrating of the proposed nano-formulation [83].

In another study, myricetin, a flavonoid with antioxidant properties, was encapsu-
lated into polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer
(PVCL-PVA-PEG) micelles to increase its solubility, aqueous stability, and bioavailability.
PVCL-PVA-PEG micelles significantly enhanced both solubility and stability of myricetin.
Myricetin micelles showed quite low toxicity to the human corneal epithelial cells. Remark-
able improvements in cellular uptake and antioxidant activity in vitro, as well as in vivo
improvement of permeation into rabbit eye cornea were also observed [78].

For the treatment of dry eye syndrome, one of the most common eye diseases, methoxy-
PEG-PLA micelles as alternative vehicles for cyclosporin A solubilization and its delivery
to the eye were suggested. The in vitro experiments showed that lyophilized cyclosporin A-
loaded micelles were stable for at least 3 months and the release profile showed a sustained
release manner of cyclosporin A. In vivo ocular distribution studies demonstrated that the
micellar formulations exhibited a 4.5-fold increase in retention effect in eyes compared
with 0.05% cyclosporin A emulsion [77].

As a novel ophthalmic formulation anti-angiogenic drug, axitinib, which represents
a class of tyrosine kinase inhibitors, was loaded via the amphiphilic copolymer PEG-
PCL, improving its solubility in water. Axitinib-loaded micelles showed low toxicity in
concentration gradient assays. Anti-angiogenic efficacy of axitinib-loaded micelles was
tested on corneal neovascularization after alkali burn of rat eyes, with dexamethasone as
a positive control. It was shown that axitinib-loaded micelles had anti-angiogenic effects
without obvious tissue toxicity. The authors suggested that, as a class of tyrosine kinase
inhibitors, axitinib-loaded micelles can be used in the treatment of ocular neovascular
diseases [79].

For the treatment of eye inflammatory disease, uveitis, dexamethasone-loaded PCL-
PEG-PCL micelles were developed by film hydration method. Cellular uptake was studied
using flow cytometry and fluorescence microscopy. After a lag-time, the dexamethasone-
loaded micelles reduced the clinical symptoms of uveitis, however, the differences with
commercial eye drops did not reach statistically significant levels [80].

Polymer nanomicelles could also serve as carriers of high molecular weight com-
pounds, such as enzymes. These formulations designed for the drug delivery to the eye
were described in [81,82]. Thus, the so-called “nanozyme” formed by self-assembly of
the antioxidant enzyme, superoxide dismutase 1 (SOD1) with PEG-poly-L-lysinesy block
copolymer and further stabilized by cross-linking was used as a carrier for the delivery
of SODL1 into ocular tissues for the treatment of inflammation processes in the eye. The
SOD1-nanozyme appeared to be much more effective compared with the free enzyme in
decreasing uveitis manifestations in rabbits, such as the intensity of corneal and iris edema,
hyperemia of the conjunctiva, lens opacity, the amount of fibrin clots, and the protein
content in aqueous humor. Topical instillations of SOD1-nanozyme significantly decreased
inflammation both in the outer and inner parts of the eye as determined using scores of
the clinical manifestations of uveitis, multiple biochemical parameters, and histological
analysis [81].
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Recently, double-coated SOD1-containing nanomicelles based on multilayer polyion
complexes and called nanoSOD1 were synthesized [82], These cross-linked nanomicelles
were characterized by high storage stability and pronounced therapeutic effect on im-
munogenic uveitis in rabbits without side reactions such as eye irritation; acute, chronic,
and reproductive toxicity; allergenicity; immunogenicity, and mutagenicity even in high
doses. It was shown during preclinical studies that topical instillations of nanoSOD1 were
much more effective compared to the free enzyme in decreasing uveitis manifestations,
such as corneal and conjunctival edema, iris hyperemia, and the amount of fibrin clots
in the anterior chamber. Moreover, it was shown that nanoSOD1 penetrated anterior eye
structures more effectively than SOD1 itself and retained enzyme activity in the eye for
a much longer period, decreasing inflammation and restoring antioxidant activity in the
eye [82].

4. Inorganic Particles

Inorganic nanoparticles suitable for nanomedicine include gold [110-114] and sil-
ver [115,116] nanoparticles, cerium dioxide [117,118], silica [119,120], as well as inorganic
salts [121-123].

Some inorganic nanoparticles can be considered drugs themselves, as well as they can
serve as carriers of medicinal compounds. Most often, the proposed particles consist of
two regions: a core containing an inorganic component (for example, gold or silica) and a
polymer cover for increased bioavailability [111,112,120,124].

4.1. Gold Nanoparticles

The advantages of gold nanoparticles are in their chemical stability, the possibility of
surface modification, and biocompatibility [110,125]. Biocompatibility and the ability of
the cells to internalize various morphologies of gold nanoparticles were assessed with the
cells of the retinal pigment epithelium. Nanoparticles in the form of spheres and cubes 50
and 100 nm in size (but not rods) did not show cytotoxicity [126].

It was shown that gold nanoparticles themselves had a positive effect on endotoxin-
induced uveitis in rats [114]. Liposomes containing gold nanoparticles with flucytosine
were suggested for the treatment of fungal eye infections [113]. For the prevention of
cataracts development, gold nanoparticles with N-acetylcarnosine stabilized with polyphe-
nols were obtained [127]. Gold nanoparticles with anti-glaucoma drug, timolol, were
included in the contact lens [112]. Also, gold nanoparticles with amfenac stabilized by
poly(catechin) were proposed for the treatment of dry eye syndrome [128].

4.2. Silver Nanoparticles

Silver nanoparticles are known for their antimicrobial properties [115,129,130], as
well as their anti-angiogenic effect due to inhibition of the hypoxia factor HIF-1a in cells,
which, in turn, leads to the suppression of the vascular endothelial growth factor VEGF-
A function [131]. It has been shown that a suspension of silver particles 15-50 nm in
size has a powerful antioxidant effect, which could be potentially used to prevent the
development of cataracts [116]. However, it has been shown that silver nanoparticles are
rather toxic [132,133]. The toxicity can be associated with the release of silver ions from the
surface of the nanoparticles. In particular, it has been shown that silver nanoparticles, when
injected into the eye, might inhibit the development of lenses in zebrafish embryos [132],
and also cause edema and erythema of the conjunctiva of rabbits [133].

4.3. Cerium Particles (CeO;)

Nanoparticles based on cerium oxide are practically non-toxic and have a powerful
antioxidant effect [118,134]. Cerium oxide nanoparticles have been shown to mimic oxi-
doreductase enzymes by catalyzing the decomposition of organic substrates and reactive
oxygen species. Moreover, the covering of 7.8 nm cerium oxide cores with two poly(sodium
acrylate) and four poly(ethylene glycol) (PEG)-grafted copolymers with different terminal
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or anchoring end groups did not affect the superoxide dismutase-like activity but surpris-
ingly improved peroxidase-like catalytic activities of cerium oxide nanoparticles [135]. It
has been shown that cerium nanoparticles penetrate well into the tissues of the eye; in
particular, they remain in the retina for up to 1 year after a single intravitreal injection,
without causing inflammatory processes [134,136].

The antioxidant effect of cerium oxide in water-soluble cerium oxide-loaded glycol
chitosan nanoparticles was assessed in mice primary corneal and conjunctival cells in vitro
and in a dry eye murine model in vivo. These particles had no cytotoxic effect and showed
improvements on dry eye disease models by stabilizing the tear film, scavenging reactive
oxygen species (ROS), up-regulating SOD, promoting and maintaining corneal and con-
junctival cell growth and integrity [137]. For the treatment of glaucoma, a formulation was
proposed based on the combination of the antioxidant action of cerium particles with the
hypotensive action of pilocarpine [138]. Specifically, chitosan and ZM241385 (nonxanthine
adenosine receptor antagonist that can selectively bind to A2AR subtype in the ciliary
body) were functionalized onto surfaces of hollow ceria nanoparticles, thereby endow-
ing the nanocarriers with a strong capability to open corneal epithelial tight junctions
and deliver drug molecules to the ciliary body. These formulations were demonstrated
in vitro and in vivo to possess potent antioxidant and anti-inflammatory properties and
effectively mitigated the disease progression in experimentally glaucomatous eyes after a
single topical application. The effect of a drop on IOP persisted for up to 7 days [138].

4.4. Silica Nanoparticles

Silica nanoparticles are among the most studied inorganic nanoparticles for drug
delivery. They have a size of 30-300 nm, a large specific surface area, and are chemically
stable. Moreover, silica-based particles are biodegradable and can be eliminated from the
body after a few days [139].

It was shown that 50-150 nm silica particles did not cause significant cytotoxicity
towards corneal endothelial cells at concentrations up to 100 pg/mL [140], however, caused
a slight increase in the generation of reactive oxygen species in the cells [141]. When
studying the effect of silica particles on trabecular meshwork cells, they were found to
be localized in the cytoplasm, without penetration into the nucleus and mitochondrial
damage. The particles induced a moderate dose-dependent increase in the activity of
lactate dehydrogenase [142]. Intravitreal injection of silica particles effectively reduced
abnormal retinal angiogenesis in mice with oxygen-induced retinopathy [143,144].

Modified silica nanoparticles have been used to include anti-glaucomatous drugs.
Thereto amino-functionalized mesoporous silica particles containing brimonidine [120]
and gelatin-covered mesoporous silica nanoparticles containing pilocarpine [145] were
obtained. The resulting particles were shown to slowly release brimonidine in a sustained
manner over 8 h. It is important that the particles were mucoadhesive, thus allowing the
drug to reside in the tear film for up to 12 h because it adhered to the mucous layer. A
decrease in IOP was observed even after 12 h [120]. Gelatin-covered silica nanoparticles
with pilocarpine were intracamerally administrated to the glaucomatous eyes. The in vivo
studies showed the maintenance of normal IOP in the eyes with ocular hypertension for 21
days [145].

4.5. Particles Formed by Inorganic Salts

Promising carriers for drug delivery are calcium carbonate and calcium phosphate [121,
122,139,146-150]. This is due to the biocompatibility and biodegradability of these
salts [148,151], as well as the simplicity and low cost of the synthesis [123,152].

Calcium carbonate is naturally present in the forms of calcite, aragonite, and vaterite.
Among the polymorphic modifications, metastable vaterite is the most important in prac-
tice, since it has a high porosity, large surface area, and can rapidly dissolve under relatively
mild conditions [123,153-155].
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Calcium carbonate particles could be obtained by simple mixing solutions containing
calcium cations and carbonate anions. By varying the synthesis conditions, such as pH,
temperature, and the presence of extraneous reagents, particles of different sizes and mor-
phologies can be obtained [153,156]. For example, when polyols or surfactants are added,
exclusively vaterite particles were formed with a size of 1-2 pm [156]. The inclusion of
drugs in calcium carbonate particles can be carried out either by co-precipitation during
the synthesis of the particles or by adsorption of the drug on the particles [123,139,157]. It
is worth noting that calcium carbonate particles possess mucoadhesive properties, which
can improve their interaction with the ocular surface [154]. However, the main disadvan-
tage of vaterite particles is their tendency to quickly recrystallize into non-porous calcite
crystals [123,158], which is accompanied by a significant decrease in the surface area of the
particles [155] and a release of the included drug [123,155]. Nevertheless, vaterite particles
loaded by SOD1 were suggested in [123] for possible further treatment of eye inflammation.
The enzyme was released from the particles in two phases: in the first 1.5 h, about 80%
of the drug was released. After 24 h, vaterite recrystallized into non-porous calcite, this
process was accompanied by the release of remaining SOD1 into solution [123].

Nanoparticles of calcium phosphate are of particular interest as they are highly bio-
compatible [159]. Calcium phosphate is a structural material of the bone tissue of the
human body. Dissolution of calcium phosphate carriers in slightly acidic media can induce
intracellular drug release, while the resulting carrier components Ca?* and PO,3~ are
non-toxic and do not accumulate in the tissues [160].

There are different methods of obtaining calcium-phosphate particles with various
morphology and sizes: precipitation from the solutions of water-soluble salts contain-
ing phosphate anions and calcium cations [121,150,161-163]; hydrothermal method using
microwave radiation [164]; microemulsion method in the water/hexane/polyoxyethylene-
(5)-nonylphenyl ether system [165-167], enzymatic hydrolysis of calcium glycerophosphate
by alkaline phosphatase [168]. The simplest method is just mixing the solutions of salts con-
taining phosphate and calcium ions with further ultrasound treatment [121,150,161-163].

Several studies have considered the possibility of using calcium phosphate nanopar-
ticles in ophthalmology. Thus, methazolamide, an inhibitor of carbonic anhydrase, was
included in calcium phosphate nanoparticles, which were characterized by a diameter
of 256 nm and a (-potential of —30 mV. In vivo experiments on rabbits demonstrated
that methazolamide in the composition of particles decreased IOP much more effectively
compared with an aqueous form [146].

Calcium phosphate nanoparticles were shown to be able to contain both low molecular
weight and high molecular weight substances. Thus, such particles containing 316 Da
B-blocker timolol [121,161], 406 Da inhibitor of angiotensin-converting enzyme, lisino-
pril [121,122], which is also able to decrease IOP at topical instillations [169], and 32 kDa su-
peroxide dismutase 1 [150] were reported. The particles were further coated with a disaccha-
ride, cellobiose [122,161], or with a polysaccharide, 89 kDa chitosan [121]. The particles con-
taining different compounds were characterized by a size of 140-300 nm [121,122,150,161].
Uncoated calcium phosphate nanoparticles with encapsulated SOD1 had a negative (-
potential of about —4 mV. Calcium phosphate nanoparticles containing lisinopril and
timolol and coated with cellobiose had a negative (-potential from —7 to —17 mV [122,161],
while the same particles coated with chitosan had a positive (-potential +16 mV [121].

The efficiency of lisinopril incorporation (by co-precipitation during the synthesis of
the particles) into calcium phosphate nanoparticles coated with chitosan or cellobiose was
much higher than that of timolol (also incorporated into the particles by co-precipitation)
indicating specific interactions of lisinopril with inorganic particles [121,122,161]. At the
same time, the percentage of lisinopril included in chitosan-coated calcium phosphate
particles was higher than in cellobiose-coated particles, apparently due to electrostatic
interaction between chitosan “coat” and lisinopril [121].

Experiments in vivo have demonstrated that the inclusion of timolol and lisinopril
into calcium phosphate nanoparticles led to a stronger drop of IOP in rabbits, as well
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as to prolongation of the drug action compared to that caused by soluble forms of the
drugs [121,122,161].

Also, the experiments in vivo demonstrated a stronger anti-inflammatory effect of
SOD1 included in calcium phosphate nanoparticles compared to native SOD1 in experi-
mental immunogenic uveitis in rabbits [150]. Namely, iris and cornea edema, edema and
hyperemia of the eyelids, the amount of fibrin in the anterior chamber of the eye, and the
presence of posterior synechiae decreased remarkably [150].

5. In Situ Hydrogels as an Additional Carrier of Drug-Loaded Nanoparticles

The promising way to solve the problems of the rapid and extensive precorneal loss
of the drug instilled in the eye caused by the drainage and the high tear fluid turnover,
and to increase the contact time between the drug and the corneal surface is the use of
stimuli-responsive hydrogels. They undergo sol-gel conversion «swell» in the presence
of a specific biological stimulus (changes in temperature, pH, or electrolyte interaction)
and can turn back into solution again when the trigger is removed. Thus, the most
efficient drug delivery can be expected if drug-loaded nano-carriers are incorporated
into the in situ gel. The sensitivity against the biological stimulus can be enhanced by
using a combination of polymers that respond to multiple biological stimuli. Thus, the
suspension of nanocarriers in the in situ gel can provide the advantages of both nano-
and gel technologies [170]. While the design of such formulations is one of the most
challenging paths in the creation of new forms of drugs for ophthalmic delivery, these
complex formulations might noticeably extend ocular residence time and improve the
bioavailability of ophthalmic medications [171-173].

Thermosensitive gels are the most studied of stimuli-sensitive polymer systems in
drug delivery. The temperature of sol-gel transition is called the lower critical solution tem-
perature (LCST). Below LCST, the system remains as a solution and above that temperature,
the formulation transforms to a gel [172,174-176]. So, the putative ophthalmic formulation
should be a solution or, more correctly, colloid solution of nanoparticles or nanomicelles
at room temperature. After instillation and contact with the eye surface, however, this
formulation is expected to form gel containing nanoparticles/nanomicelles with a loaded
ophthalmic agent.

Poloxamers or Pluronics®—mnonionic triblock copolymers composed of a central hy-
drophobic chain of poly(propylene oxide) flanked by two hydrophilic chains of poly(ethylene
oxide)—represent one class of thermosensitive gels. These polymers and their combinations
with other polymers have been extensively investigated for ocular drug delivery [177-180].
Thus, the combination of cationic nanostructured lipid carriers and thermosensitive Polox-
amer 188 gel allowed to increase the bioavailability of curcumin by improving corneal
permeation and retention capacity from 1.5 up to 5 h in the aqueous humor of rabbits [181].

The combination of nanostructured lipid carriers and a thermoresponsive Pluronic
F127 gel was proposed for the ophthalmic administration of an anti-inflammatory drug,
ibuprofen. The formulation demonstrated a prolonged in vitro release profile of ibuprofen,
good stability, and safety for ocular delivery [182].

Niosomes loaded with the antifungal drug, voriconazole, were incorporated into in
situ gelling mixture of span 40 and span 60 with Pluronic F127 and Pluronic L64. The
formulations were designed to be placed into the conjunctival sac. They showed prolonged
drug release with superior mucoadhesion [183].

Another antifungal medication, natamycin, was loaded into niosomes and then incor-
porated into thermosensitive in situ gel using Poloxamer 407 and Hydroxy propyl methyl
cellulose K4M, which helped to increase precorneal retention time in ex vivo goat’s cornea.
The formulation exhibited greater transcorneal permeation and displayed extended drug
release up to 24 h [184].

Ethyl cellulose microsponges loaded with an anti-glaucoma drug, acetazolamide, were
incorporated into 25% Pluronic F-127 in situ gel for ophthalmic delivery. The formulation
could significantly decrease the IOP in rabbit eyes causing no irritation [185].
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Another group of the in situ gels are polymer systems the state of which, solution or
gel, is controlled by pH-values of the media. Thus, it is expected that the system stays as a
solution at lower pH, but undergoes gel formation at pH 7.4, that is the pH value of the
tear fluid. However, as eyes become irritant at low pH, there are some limitations for those
in situ gels. Nevertheless, several ocular formulations have been developed with the use of
pH-sensitive in situ gels.

Norfloxacin-loaded nanoparticulate was presented as in situ gel based on chitosan/
carbopol934; the formulation transformed to the gel at physiological pH and exhibited
superior performance over the marketed eye drops [171].

Anti-bacterial agent, sparfloxacin, was incorporated into poly(lactic-co-glycolic acid)
nanoparticles and, then, into chitosan in situ gel. The formulation showed gelation at pH
near 7.2, demonstrated good retention over the entire precorneal area, and cleared at a very
slow rate [186].

Gupta et al. designed levofloxacin non-mucoadhesive nanoparticles laden in mucoad-
hesive chitosan in situ gel. The preparation formed a gel at pH 7.15, showed an improved
retention time compared with separate levofloxacin, levofloxacin in the in situ gel, and
levofloxacin in nanoparticles without gel [187].

Chitosan in combination with polyol-phosphates has also been reported to show
temperature-sensitive in situ gelling properties. The transition of this mixture into the gel
was no longer influenced by the pH of the medium, it remained in a liquid state at low
temperatures and underwent sol-gel transition at body temperature [188,189].

For instance, chitosan-based nanoparticles medicated with 5-fluorouracil were in-
troduced into thermosensitive ophthalmic chitosan/3-glycerophosphate hydrogel also
medicated with 5-fluorouracil. The formulation provided a sustained release of the drug
and increased bioavailability in the in vivo experiments [190].

A temperature-sensitive gel composed of chitosan, carboxymethyl chitosan, and
glycerophosphate loaded with chitosan microspheres encapsulating levofloxacin was safe
and provided a good bioavailability of the drug [191].

Another thermosensitive formulation was obtained by incorporating the nanos-
tructured lipid carriers into hydroxypropyltrimethyl ammonium chloride chitosan/f3-
glycerophosphate hydrogel. This composition was suggested for dexamethasone ocu-
lar delivery and showed a rapid solution-to-gel transition at 35 °C. Nanocarriers and
stimuli-responsive gel coupled their properties to produce an interesting sustained-release
formulation for ophthalmic application [192].

One more example of the combination of drug-loaded nanoparticles and in situ gels
is the development of poly(lactide-co-glycolide) nanoparticles loaded with ketoconazole
with subsequent incorporation of the particles into chitosan/alginate in situ gel. Gelation
occurred under the influence of ionic, thermosensitive, or pH interaction. This combination
displayed a sustained and greater drug release compared to free drug formulations and
improved antifungal activity in comparison to pure drug formulations [193].

6. Potential Ocular Nanomedicine

Over the past decade, ocular drug delivery systems for topical instillation have been
extensively investigated. Many nanoformulations for the treatment of eyes have been
developed and commercialized in the market (Figure 3, Table 2). Some nanoformula-
tions, such as drug-loading emulsions, are still slowly developing for treatment, even
though drug-free nanoemulsion has been approved. The current ocular nanoformulations
marketed products are Restasis® (nanoemulsion of cyclosporine A), Cyclokat® (cationic
nanoemulsion of cyclosporine A), Cequa® (cyclosporine A ophthalmic nano micellar so-
lution), DUREZOL® (difluprednate nanoemulsion), SYSTANE® (Propylene glycol-based
nanoemulsion,) Lacrisek® (vitamin A and vitamin E liposomal spray), Artelac Rebalance®
(vitamin B12 liposomal eye drops).
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Figure 3. Schematic representation of ocular drug delivery systems for topical administration. Recently FDA approved and
developed ocular drug systems presented. Created with BioRender.com.

Table 2. Potential ocular drugs under clinical trial and approved by FDA.

Trademark/Drug Name Drug Molecule Clinicaltrials.gov Identifier Status
INVELTYS Loteprednol etabonate NCT02163824NCT02793817 FDA! approved
Bromsite Bromfenac NCT01576952 FDAl approved
Dexasite Dexamethasone NCT03192137NCT01543490 Phase III
0OCs-01 Dexamethasone NCT04130802 Phase II
RX-10045 Resolvin E1 NCT02329743 Phase II

1 FDA—Federal Drug Agency, USA.

One of the important examples of FDA-approved drugs that have entered the market
over the past decade is Inveltys® (KPI-121 1.0%, Kala Pharmaceuticals). Inveltys® is a
nanosuspension of loteprednol etabonate (LE) delivered by a proprietary nanoparticle-
based formulation referred to as mucus-penetrating particles. A preclinical study of the
pharmacokinetics of LE-loaded nanoparticles showed a three-fold increase in Cpax in
the cornea, iris/ciliary body, aqueous humor, and retina compared to LE [194]. In two
randomized controlled clinical trials (and NCT02793817), 386 subjects were treated with
KPI-121 1% and 325 were treated with placebo following cataract surgery. Combined
data analysis showed that significantly more participants treated with KPI-121 vs. vehicle
achieved complete resolution of anterior chamber cells at days 8 and 15 and complete
clearing of ocular pain at days 4, 8, and 15. KPI-121 1% ophthalmic suspension was effective
in resolving postoperative ocular inflammation and pain in patients following cataract
surgery [195].

DuraSite technology (Sun Pharma, Alameda, CA, USA) represents a mucoadhesive
ocular drug delivery system consisting of a synthetic polymer of cross-linked polyacrylic
acid and polycarbophil. Both clinical and nonclinical studies have shown the DuraSite
drug delivery system to be safe and non-toxic. The DuraSite technology was used to
deliver Bromfenac, a potent topical nonsteroidal anti-inflammatory drug (BromSite), for the
treatment of postoperative inflammation and ocular pain. Bromfenac 0.075% in DuraSite
was safe, well-tolerated, and effective at reducing inflammation and preventing pain
associated with cataract surgery [196]. DexaSite is a nanoformulation of dexamethasone in
DuraSite 2, which uses the same polycarbophil polymer in DuraSite with the addition of
chitosan, to achieve greater viscosity in comparison with DuraSite [197].
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OCS-01 (Dexamethasone Cylcodextrin Nanoparticle Ophthalmic Suspension) is a
nanoformulation of dexamethasone with cyclodextrin designed to treat inflammation
and pain following cataract surgery. Cyclodextrins form complexes with the lipophilic
dexamethasone, increasing the solubility of dexamethasone. In a recent randomized,
vehicle-controlled Phase II trial (NCT04130802) in 153 patients following cataract surgery,
OCS-01 applied once a day achieved a higher percentage of eyes with the absence of
anterior chamber inflammation and a higher percentage of eyes with no pain compared to
vehicle at day 15.

RX-10045 nanomicellar solution (Auven Therapeutics) is an aqueous micellar disper-
sion of an isopropyl ester prodrug of resolvin E1. A Phase Il randomized clinical trial was
performed (NCT02329743) to assess the safety and efficacy of RX-10045 (0.05% and 0.1%)
compared to placebo for the treatment of post-cataract surgery pain and ocular inflamma-
tion. Both formulations of RX-10045 were not significantly better than the placebo group in
achieving the primary endpoint of clearing anterior inflammation at day 8 post-cataract
surgery (22.8% in both treatment groups compared to 16.7% in the placebo group).

7. Conclusions

Advances in the development of nanotechnology-based approaches to overcome the
limits of the topical application of ocular drugs for the therapy of anterior segment eye
diseases are quite impressive. The novel formulations were designed for better contact
with the eye surface and increased residence time on the eye surface, better penetration
into the eye, sustained drug release, and prolonged drug action. So, the effectiveness of
these drugs could be substantially increased. Moreover, the dose and frequency of drug
administration could be decreased by decreasing the local and systemic side effects of
the drug. This is especially important for the treatment of chronic eye diseases, such as
glaucoma. The advances in the usage of nanoformulations of drugs in ophthalmology are
schematically presented in Figure 4.

Nanoformulation

Increasing of the Increasing of Prolongation the

residence time bioavailability time of drug action

A 4

Reduction of the dose and
frequency of administration

Reduction of local and Increasing of compliance

systemic side effects to treatment

Figure 4. Schematic presentation of the advantages of the use of nanoformulations of ophthalmic
drugs. Created with BioRender.com.

Some of these nanoformulations are under clinical trials and some are already on
the market, while others are waiting in line for their preclinical studies and trials in
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clinics. Figure 3 shows some examples of nanoformulations of the drugs at different stages
of development.

Thus, nanotechnology demonstrated great potential in the creation of new formula-
tions of ophthalmic drugs. However, future research needs more information on the dosage
and administration regimen of these formulations, metabolic ways and ocular toxicity of
all formulation components, their pharmacokinetics and pharmacodynamics, the release of
the drug in different eye tissues, formulation stability, the influence of the method of the
synthesis not only on physico-chemical properties of formulation but also on its physio-
logical effect, the suitability of nanocarriers with respect to biodegradability and patient
comfort, etc. It is important to understand and measure the influence of nanoparticulate
parameters on their biological effects.

Thus, the perspectives of the use of nanoformulations of ophthalmic drugs look
justified and very promising, now meticulous work is required to make it true on a
large scale.
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PCA polycyanoacrylate
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PVP polyvinylpyrrolidone

AUC area under the pharmacokinetic curve
10P intraocular pressure

PVA polyvinyl alcohol

PLA poly(lactide)

PVCL polyvinyl caprolactam

PEO poly(ethylene oxide)

Pluronic  (poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide))
5-FU 5-fluorouracil

SOD superoxide dismutase
ROS reactive oxygen species
LCST lower critical solution temperature

1.  World Health Organization. Available online: https://www.who.int/news-room/fact-sheets/detail /blindness-and-visual-
impairment (accessed on 15 November 2021).

2. Grassiri, B.; Zambito, Y.; Bernkop-Schniirch, A. Strategies to prolong the residence time of drug delivery systems on ocular
surface. Adv. Colloid Interface Sci. 2021, 288, 102342. [CrossRef]

S

Ghate, D.; Edelhauser, H.E. Ocular drug delivery. Expert Opin. Drug Deliv. 2006, 3, 275-287. [CrossRef]

4. Gaudana, R; Jwala, J.; Boddu, S.H.S.; Mitra, A K. Recent perspectives in ocular drug delivery. Pharm. Res. 2009, 26, 1197-1216.

[CrossRef] [PubMed]

5. Patel, A.; Cholkar, K.; Agrahari, V.; Mitra, A K. Ocular drug delivery systems: An overview. World ]. Pharmacol. 2013, 2, 47.

[CrossRef]


https://www.who.int/news-room/fact-sheets/detail/blindness-and-visual-impairment
https://www.who.int/news-room/fact-sheets/detail/blindness-and-visual-impairment
http://doi.org/10.1016/j.cis.2020.102342
http://doi.org/10.1517/17425247.3.2.275
http://doi.org/10.1007/s11095-008-9694-0
http://www.ncbi.nlm.nih.gov/pubmed/18758924
http://doi.org/10.5497/wjp.v2.i2.47

Int. J. Mol. Sci. 2021, 22, 12368 23 of 30

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

Awwad, S.; Ahmed, A H.A.M,; Sharma, G.; Heng, ].S.; Khaw, P.T; Brocchini, S.; Lockwood, A. Principles of pharmacology in the
eye. Br. J. Pharmacol. 2017, 174, 4205-4223. [CrossRef] [PubMed]

Subrizi, A.; del Amo, E.M.; Korzhikov-Vlakh, V.; Tennikova, T.; Ruponen, M.; Urtti, A. Design principles of ocular drug delivery
systems: Importance of drug payload, release rate, and material properties. Drug Discov. Today 2019, 24, 1446-1457. [CrossRef]
Jumelle, C.; Gholizadeh, S.; Annabi, N.; Dana, R. Advances and limitations of drug delivery systems formulated as eye drops. J.
Control. Release 2020, 321, 1-22. [CrossRef] [PubMed]

Kompella, U.B.; Kadam, R.S.; Lee, V.H. Recent advances in ophthalmic drug delivery. Ther. Deliv. 2010, 1, 435-456. [CrossRef]
[PubMed]

Agrahari, V.; Mandal, A.; Agrahari, V,; Trinh, H.M.; Joseph, M.; Ray, A.; Hadji, H.; Mitra, R.; Pal, D.; Mitra, A.K. A comprehensive
insight on ocular pharmacokinetics. Drug Deliv. Transl. Res. 2016, 6, 735-754. [CrossRef] [PubMed]

Achouri, D.; Alhanout, K.; Piccerelle, P.; Andrieu, V. Recent advances in ocular drug delivery. Drug Dev. Ind. Pharm. 2013, 39,
1599-1617. [CrossRef]

Kamaleddin, M.A. Nano-ophthalmology: Applications and considerations. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 1459-1472.
[CrossRef] [PubMed]

Imperiale, J.C.; Acosta, G.B.; Sosnik, A. Polymer-based carriers for ophthalmic drug delivery. J. Control. Release 2018, 285, 106-141.
[CrossRef] [PubMed]

Watsky, M.A.; Jablonski, M.M.; Edelhauser, H.F. Comparison of conjunctival and corneal surface areas in rabbit and human. Curr.
Eye Res. 1988, 7, 483-486. [CrossRef]

Ramsay, E.; Ruponen, M.; Picardat, T.; Tengvall, U.; Tuomainen, M.; Auriola, S.; Toropainen, E.; Urtti, A.; del Amo, E.M. Impact of
chemical structure on conjunctival drug permeability: Adopting porcine conjunctiva and cassette dosing for construction of in
silico model. J. Pharm. Sci. 2017, 106, 2463-2471. [CrossRef] [PubMed]

Ahmed, I.; Gokhale, R.D.; Shah, M.V,; Patton, T.F. Physicochemical determinants of drug diffusion across the conjunctiva, sclera,
and cornea. J. Pharm. Sci. 1987, 76, 583-586. [CrossRef]

Farkouh, A.; Frigo, P.; Czejka, M. Systemic side effects of eye drops: A pharmacokinetic perspective. Clin. Ophthalmol. 2016, 10,
2433-2441. [CrossRef]

Mun, E.A.; Morrison, PW.J.; Williams, A.C.; Khutoryanskiy, V.V. On the barrier properties of the cornea: A microscopy study
of the penetration of fluorescently labeled nanoparticles, polymers, and sodium fluorescein. Mol. Pharm. 2014, 11, 3556-3564.
[CrossRef]

Dastjerdi, M.H.; Sadrai, Z.; Saban, D.R.; Zhang, Q.; Dana, R. Corneal penetration of topical and subconjunctival bevacizumab.
Investig. Ophthalmol. Vis. Sci. 2011, 52, 8718-8723. [CrossRef]

Morrison, PW.; Khutoryanskiy, V. Advances in ophthalmic drug delivery. Ther. Deliv. 2014, 5, 1297-1315. [CrossRef] [PubMed]
Zhang, T.; Xiang, C.D.; Gale, D.; Carreiro, S.; Wu, E.Y.; Zhang, E.Y. Drug transporter and cytochrome P450 mRNA expression in
human ocular barriers: Implications for ocular drug disposition. Drug Metab. Dispos. 2008, 36, 1300-1307. [CrossRef] [PubMed]
Karla, PK,; Earla, R.; Boddu, S.H.; Johnston, T.P; Pal, D.; Mitra, A. Molecular expression and functional evidence of a drug efflux
pump (BCRP) in human corneal epithelial cells. Curr. Eye Res. 2009, 34, 1-9. [CrossRef] [PubMed]

Kolln, C.; Reichl, S. mRNA expression of metabolic enzymes in human cornea, corneal cell lines, and hemicornea constructs. J.
Ocul. Pharmacol. Ther. 2012, 28, 271-277. [CrossRef]

Srinivasarao, D.A.; Lohiya, G.; Katti, D.S. Fundamentals, challenges, and nanomedicine-based solutions for ocular diseases. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 2019, 11, e1548. [CrossRef] [PubMed]

Zhang, S.; Gao, H.; Bao, G. Physical principles of nanoparticle cellular endocytosis. ACS Nano 2015, 9, 8655-8671. [CrossRef]
Navarro-Partida, J.; Castro-Castaneda, C.R.; Cruz-Pavlovich, E]J.S.; Aceves-Franco, L.A.; Guy, T.O.; Santos, A. Lipid-based
nanocarriers as topical drug delivery systems for intraocular diseases. Pharmaceutics 2021, 13, 678. [CrossRef]

Janagam, D.R.; Wu, L.; Lowe, T.L. Nanoparticles for drug delivery to the anterior segment of the eye. Adv. Drug Deliv. Rev. 2017,
122, 31-64. [CrossRef]

Bachu, R.D.; Chowdhury, P.; Al-Saedi, Z.H.F; Karla, PX.; Boddu, S.H.S. Ocular drug delivery barriers—Role of nanocarriers in
the treatment of anterior segment ocular diseases. Pharmaceutics 2018, 10, 28. [CrossRef]

Lakhani, P;; Patil, A.; Majumdar, S. Recent advances in topical nano drug-delivery systems for the anterior ocular segment. Ther.
Deliv. 2018, 9, 137-153. [CrossRef] [PubMed]

Mazet, R.; Yaméogo, ].B.G.; Wouessidjewe, D.; Choisnard, L.; Géze, A. Recent advances in the design of topical ophthalmic
delivery systems in the treatment of ocular surface inflammation and their biopharmaceutical evaluation. Pharmaceutics 2020, 12,
570. [CrossRef]

Mobaraki, M.; Soltani, M.; Harofte, S.Z.; Zoudani, E.L.; Daliri, R.; Aghamirsalim, M.; Raahemifar, K. Biodegradable nanoparticle
for cornea drug delivery: Focus review. Pharmaceutics 2020, 12, 1232. [CrossRef]

Begines, B.; Ortiz, T.; Pérez-Aranda, M.; Martinez, G.; Merinero, M.; Argtielles-Arias, F; Alcudia, A. Polymeric nanoparticles for
drug delivery: Recent developments and future prospects. Nanomaterials 2020, 10, 1403. [CrossRef]

Nagarwal, R.C.; Kant, S.; Singh, PN.N.; Maiti, P.; Pandit, ] K.K. Polymeric nanoparticulate system: A potential approach for
ocular drug delivery. J. Control. Release 2009, 136, 2-13. [CrossRef]

Lynch, C.; Kondiah, PP.D.; Choonara, Y.E.; du Toit, L.C.; Ally, N.; Pillay, V. Advances in biodegradable nano-sized polymer-based
ocular drug delivery. Polymers 2019, 11, 1371. [CrossRef]


http://doi.org/10.1111/bph.14024
http://www.ncbi.nlm.nih.gov/pubmed/28865239
http://doi.org/10.1016/j.drudis.2019.02.001
http://doi.org/10.1016/j.jconrel.2020.01.057
http://www.ncbi.nlm.nih.gov/pubmed/32027938
http://doi.org/10.4155/tde.10.40
http://www.ncbi.nlm.nih.gov/pubmed/21399724
http://doi.org/10.1007/s13346-016-0339-2
http://www.ncbi.nlm.nih.gov/pubmed/27798766
http://doi.org/10.3109/03639045.2012.736515
http://doi.org/10.1016/j.nano.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28232288
http://doi.org/10.1016/j.jconrel.2018.06.031
http://www.ncbi.nlm.nih.gov/pubmed/29964135
http://doi.org/10.3109/02713688809031801
http://doi.org/10.1016/j.xphs.2017.04.061
http://www.ncbi.nlm.nih.gov/pubmed/28479360
http://doi.org/10.1002/jps.2600760802
http://doi.org/10.2147/OPTH.S118409
http://doi.org/10.1021/mp500332m
http://doi.org/10.1167/iovs.11-7871
http://doi.org/10.4155/tde.14.75
http://www.ncbi.nlm.nih.gov/pubmed/25531930
http://doi.org/10.1124/dmd.108.021121
http://www.ncbi.nlm.nih.gov/pubmed/18411399
http://doi.org/10.1080/02713680802518251
http://www.ncbi.nlm.nih.gov/pubmed/19172464
http://doi.org/10.1089/jop.2011.0124
http://doi.org/10.1002/wnan.1548
http://www.ncbi.nlm.nih.gov/pubmed/30506871
http://doi.org/10.1021/acsnano.5b03184
http://doi.org/10.3390/pharmaceutics13050678
http://doi.org/10.1016/j.addr.2017.04.001
http://doi.org/10.3390/pharmaceutics10010028
http://doi.org/10.4155/tde-2017-0088
http://www.ncbi.nlm.nih.gov/pubmed/29325511
http://doi.org/10.3390/pharmaceutics12060570
http://doi.org/10.3390/pharmaceutics12121232
http://doi.org/10.3390/nano10071403
http://doi.org/10.1016/j.jconrel.2008.12.018
http://doi.org/10.3390/polym11081371

Int. J. Mol. Sci. 2021, 22, 12368 24 of 30

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Gorantla, S.; Rapalli, V.K.; Waghule, T.; Singh, PP,; Dubey, S.K.; Saha, R.N.; Singhvi, G. Nanocarriers for ocular drug delivery:
Current status and translational opportunity. RSC Adv. 2020, 10, 27835-27855. [CrossRef]

Tsai, C.-H.; Wang, P-Y,; Lin, 1.-C.; Huang, H.; Liu, G.-S.; Tseng, C.-L. Ocular drug delivery: Role of degradable polymeric
nanocarriers for ophthalmic application. Int. J. Mol. Sci. 2018, 19, 2830. [CrossRef]

Losa, C.; Calvo, P; Castro, E.; Vila-Jato, J.L.; Alonso, M.]. Improvement of ocular penetration of amikacin sulphate by association
to poly(butylcyanoacrylate) nanoparticles. J. Pharm. Pharmacol. 2011, 43, 548-552. [CrossRef] [PubMed]

Marchal-Heussler, L.; Maincent, P.; Hoffman, M.; Spittler, J.; Couvreur, P. Antiglaucomatous activity of betaxolol chlorhydrate
sorbed onto different isobutylcyanoacrylate nanoparticle preparations. Int. J. Pharm. 1990, 58, 115-122. [CrossRef]

Miiller, R.H.; Lherm, C.; Herbert, J.; Couvreur, P. In vitro model for the degradation of alkylcyanoacrylate nanoparticles.
Biomaterials 1990, 11, 590-595. [CrossRef]

Pignatello, R.; Bucolo, C.; Spedalieri, G.; Maltese, A.; Puglisi, G. Flurbiprofen-loaded acrylate polymer nanosuspensions for
ophthalmic application. Biomaterials 2002, 23, 3247-3255. [CrossRef]

Giannavola, C.; Bucolo, C.; Maltese, A.; Paolino, D.; Vandelli, M.A.; Puglisi, G.; Lee, V.H.L.; Fresta, M. Influence of preparation
conditions on acyclovir-loaded poly-d,I-lactic acid nanospheres and effect of PEG coating on ocular drug bioavailability. Pharm.
Res. 2003, 20, 584-590. [CrossRef]

Zhang, X.; Wei, D.; Xu, Y.; Zhu, Q. Hyaluronic acid in ocular drug delivery. Carbohydr. Polym. 2021, 264, 118006. [CrossRef]
Zhao, R; Li, J.; Wang, J.; Yin, Z.; Zhu, Y.; Liu, W. Development of timolol-loaded galactosylated chitosan nanoparticles and
evaluation of their potential for ocular drug delivery. AAPS PharmSciTech 2017, 18, 997-1008. [CrossRef]

Ameeduzzafar; Ali, J.; Bhatnagar, A.; Kumar, N.; Ali, A. Chitosan nanoparticles amplify the ocular hypotensive effect of cateolol
in rabbits. Int. J. Biol. Macromol. 2014, 65, 479-491. [CrossRef] [PubMed]

Shahab, M.S.; Rizwanullah, M.; Alshehri, S.; Imam, S.S. Optimization to development of chitosan decorated polycaprolactone
nanoparticles for improved ocular delivery of dorzolamide: In vitro, ex vivo and toxicity assessments. Int. ]. Biol. Macromol. 2020,
163, 2392-2404. [CrossRef]

Kapanigowda, U.G.; Nagaraja, S.H.; Ramaiah, B.; Boggarapu, P.R. Improved intraocular bioavailability of ganciclovir by
mucoadhesive polymer based ocular microspheres: Development and simulation process in Wistar rats. DARU J. Pharm. Sci.
2015, 23, 49. [CrossRef]

Basaran, E.; Yenilmez, E.; Berkman, M.S,; Biiytikkoroglu, G.; Yazan, Y. Chitosan nanoparticles for ocular delivery of cyclosporine
A. . Microencapsul. 2014, 31, 49-57. [CrossRef] [PubMed]

Silva, N.C;; Silva, S.; Sarmento, B.; Pintado, M. Chitosan nanoparticles for daptomycin delivery in ocular treatment of bacterial
endophthalmitis. Drug Deliv. 2015, 22, 885-893. [CrossRef]

Algahtani, FY.; Aleanizy, ES.; El Tahir, E.; Alquadeib, B.T.; Alsarra, I.A.; Alanazi, ].S.; Abdelhady, H.G. Preparation, characteriza-
tion, and antibacterial activity of diclofenac-loaded chitosan nanoparticles. Saudi Pharm. J. 2019, 27, 82-87. [CrossRef]
Asasutjarit, R.; Theerachayanan, T.; Kewsuwan, P.; Veeranodha, S.; Fuongfuchat, A.; Ritthidej, G.C. Development and evaluation
of diclofenac sodium loaded-n-trimethyl chitosan nanoparticles for ophthalmic use. AAPS PharmSciTech 2015, 16, 1013-1024.
[CrossRef]

Yu, A; Shi, H.; Liu, H.; Bao, Z.; Dai, M,; Lin, D.; Lin, D.; Xu, X.; Li, X.; Wang, Y. Mucoadhesive dexamethasone-glycol chitosan
nanoparticles for ophthalmic drug delivery. Int. ]. Pharm. 2020, 575, 118943. [CrossRef] [PubMed]

da Silva, S.B.; Ferreira, D.; Pintado, M.; Sarmento, B. Chitosan-based nanoparticles for rosmarinic acid ocular delivery-In vitro
tests. Int. J. Biol. Macromol. 2016, 84, 112-120. [CrossRef] [PubMed]

Shinde, U.A.; Shete, ].N.; Nair, H.A.; Singh, K.H. Design and characterization of chitosan-alginate microspheres for ocular
delivery of azelastine. Pharm. Dev. Technol. 2014, 19, 813-823. [CrossRef] [PubMed]

Nagarwal, R.C.; Kumar, R.; Pandit, ] K. Chitosan coated sodium alginate—chitosan nanoparticles loaded with 5-FU for ocular
delivery: In vitro characterization and in vivo study in rabbit eye. Eur. ]. Pharm. Sci. 2012, 47, 678-685. [CrossRef]

Ibrahim, M.M.; Abd-Elgawad, A.-E.H.; Soliman, O.A.-E.; Jablonski, M.M. Natural bioadhesive biodegradable nanoparticle-based
topical ophthalmic formulations for management of glaucoma. Transl. Vis. Sci. Technol. 2015, 4, 12. [CrossRef]

Ali Attia Shafie, M. Formulation and evaluation of betamethasone sodium phosphate loaded nanoparticles for ophthalmic
delivery. J. Clin. Exp. Ophthalmol. 2013, 4, 2. [CrossRef]

Kimna, C.; Winkeljann, B.; Hoffmeister, J.; Lieleg, O. Biopolymer-based nanoparticles with tunable mucoadhesivity efficiently
deliver therapeutics across the corneal barrier. Mater. Sci. Eng. C 2021, 121, 111890. [CrossRef] [PubMed]

Addo, R.T.; Yeboah, K.G.; Siwale, R.C.; Siddig, A.; Jones, A.; Ubale, R.V.; Akande, ].; Nettey, H.; Patel, N.J.; Addo, E.; et al.
Formulation and characterization of atropine sulfate in albumin-chitosan microparticles for in vivo ocular drug delivery. J. Pharm.
Sci. 2015, 104, 1677-1690. [CrossRef]

Natesan, S.; Pandian, S.; Ponnusamy, C.; Palanichamy, R.; Muthusamy, S.; Kandasamy, R. Co-encapsulated resveratrol and
quercetin in chitosan and peg modified chitosan nanoparticles: For efficient intra ocular pressure reduction. Int. J. Biol. Macromol.
2017, 104, 1837-1845. [CrossRef]

Tseng, C.-L.; Chen, K.-H.; Su, W.-Y;; Lee, Y.-H.; Wu, C.-C,; Lin, E-H. Cationic gelatin nanoparticles for drug delivery to the ocular
surface: In Vitro and In Vivo evaluation. J. Nanomater. 2013, 2013, 238351. [CrossRef]

Mabhor, A.; Prajapati, S.K.; Verma, A.; Gupta, R; Iyer, A.K.; Kesharwani, P. Moxifloxacin loaded gelatin nanoparticles for ocular
delivery: Formulation and in-vitro, in-vivo evaluation. J. Colloid Interface Sci. 2016, 483, 132-138. [CrossRef]


http://doi.org/10.1039/D0RA04971A
http://doi.org/10.3390/ijms19092830
http://doi.org/10.1111/j.2042-7158.1991.tb03534.x
http://www.ncbi.nlm.nih.gov/pubmed/1681069
http://doi.org/10.1016/0378-5173(90)90248-3
http://doi.org/10.1016/0142-9612(90)90084-4
http://doi.org/10.1016/S0142-9612(02)00080-7
http://doi.org/10.1023/A:1023290514575
http://doi.org/10.1016/j.carbpol.2021.118006
http://doi.org/10.1208/s12249-016-0669-x
http://doi.org/10.1016/j.ijbiomac.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24530326
http://doi.org/10.1016/j.ijbiomac.2020.09.185
http://doi.org/10.1186/s40199-015-0132-7
http://doi.org/10.3109/02652048.2013.805839
http://www.ncbi.nlm.nih.gov/pubmed/23834316
http://doi.org/10.3109/10717544.2013.858195
http://doi.org/10.1016/j.jsps.2018.08.001
http://doi.org/10.1208/s12249-015-0290-4
http://doi.org/10.1016/j.ijpharm.2019.118943
http://www.ncbi.nlm.nih.gov/pubmed/31830575
http://doi.org/10.1016/j.ijbiomac.2015.11.070
http://www.ncbi.nlm.nih.gov/pubmed/26645149
http://doi.org/10.3109/10837450.2013.836217
http://www.ncbi.nlm.nih.gov/pubmed/24032373
http://doi.org/10.1016/j.ejps.2012.08.008
http://doi.org/10.1167/tvst.4.3.12
http://doi.org/10.4172/2155-9570.1000273
http://doi.org/10.1016/j.msec.2021.111890
http://www.ncbi.nlm.nih.gov/pubmed/33579502
http://doi.org/10.1002/jps.24380
http://doi.org/10.1016/j.ijbiomac.2017.04.117
http://doi.org/10.1155/2013/238351
http://doi.org/10.1016/j.jcis.2016.08.018

Int. J. Mol. Sci. 2021, 22, 12368 25 of 30

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Konat Zorzi, G.; Contreras-Ruiz, L.; Parraga, J.E.; Lépez-Garcia, A.; Romero Bello, R.; Diebold, Y.; Seijo, B.; Sanchez, A. Expression
of MUC5AC in ocular surface epithelial cells using cationized gelatin nanoparticles. Mol. Pharm. 2011, 8, 1783-1788. [CrossRef]
Katara, R.; Majumdar, D.K. Eudragit RL 100-based nanoparticulate system of aceclofenac for ocular delivery. Colloids Surf. B
Biointerfaces 2013, 103, 455-462. [CrossRef]

Katara, R.; Sachdeva, S.; Majumdar, D.K. Design, characterization, and evaluation of aceclofenac-loaded Eudragit RS 100
nanoparticulate system for ocular delivery. Pharm. Dev. Technol. 2019, 24, 368-379. [CrossRef]

Verma, P.; Gupta, RN.; Jha, A K.; Pandey, R. Development, in vitro and in vivo characterization of Eudragit RL 100 nanoparticles
for improved ocular bioavailability of acetazolamide. Drug Deliv. 2013, 20, 269-276. [CrossRef]

Castro, B.EM.; Fulgéncio, G.d.O.; Domingos, L.C.; Cotta, O.A.L.; Silva-Cunha, A.; Fialho, S.L. Positively charged polymeric
nanoparticles improve ocular penetration of tacrolimus after topical administration. J. Drug Deliv. Sci. Technol. 2020, 60, 101912.
[CrossRef]

Gonzalez-Pizarro, R; Silva-Abreu, M.; Calpena, A.C.; Egea, M.A; Espina, M.; Garcia, M.L. Development of fluorometholone-
loaded PLGA nanoparticles for treatment of inflammatory disorders of anterior and posterior segments of the eye. Int. . Pharm.
2018, 547, 338-346. [CrossRef] [PubMed]

Katara, R.; Sachdeva, S.; Majumdar, D.K. Enhancement of ocular efficacy of aceclofenac using biodegradable PLGA nanoparticles:
Formulation and characterization. Drug Deliv. Transl. Res. 2017, 7, 632-641. [CrossRef]

Kalam, M.A.; Alshamsan, A. Poly (d, I-lactide-co-glycolide) nanoparticles for sustained release of tacrolimus in rabbit eyes.
Biomed. Pharmacother. 2017, 94, 402—-411. [CrossRef]

Rebibo, L.; Tam, C.; Sun, Y.; Shoshani, E.; Badihi, A.; Nassar, T.; Benita, S. Topical tacrolimus nanocapsules eye drops for
therapeutic effect enhancement in both anterior and posterior ocular inflammation models. J. Control. Release 2021, 333, 283-297.
[CrossRef]

Cafiadas, C.; Alvarado, H.; Calpena, A.C.; Silva, A.M.; Souto, E.B.; Garcia, M.L.; Abrego, G. In vitro, ex vivo and in vivo
characterization of PLGA nanoparticles loading pranoprofen for ocular administration. Int. J. Pharm. 2016, 511, 719-727.
[CrossRef]

Ghosh, A K,; Thapa, R.; Hariani, H.N.; Volyanyuk, M.; Ogle, S.D.; Orloff, K.A.; Ankireddy, S.; Lai, K,; Ziniauskaite, A.; Stubbs,
E.B.; et al. Poly(lactic-co-glycolic acid) nanoparticles encapsulating the prenylated flavonoid, xanthohumol, protect corneal
epithelial cells from dry eye disease-associated oxidative stress. Pharmaceutics 2021, 13, 1362. [CrossRef]

Park, C.G; Kim, Y.K,; Kim, S.-N.; Lee, S.H.; Huh, B.K,; Park, M.-A.; Won, H.; Park, K.H.; Choy, Y. Bin Enhanced ocular efficacy of
topically-delivered dorzolamide with nanostructured mucoadhesive microparticles. Int. J. Pharm. 2017, 522, 66-73. [CrossRef]
[PubMed]

Sénchez-Lopez, E.; Egea, M.A; Cano, A.; Espina, M.; Calpena, A.C.; Ettcheto, M.; Camins, A.; Souto, E.B.; Silva, A.M.; Garcia,
M.L. PEGylated PLGA nanospheres optimized by design of experiments for ocular administration of dexibuprofen—in vitro, ex
vivo and in vivo characterization. Colloids Surf. B Biointerfaces 2016, 145, 241-250. [CrossRef]

Sharma, A.K.; Sahoo, PK.; Majumdar, D.K.; Panda, A K. Topical ocular delivery of a COX-II inhibitor via biodegradable
nanoparticles. Nanotechnol. Rev. 2016, 5, 435-444. [CrossRef]

Yingfang, F; Zhuang, B.; Wang, C.; Xu, X,; Xu, W.; Lv, Z. Pimecrolimus micelle exhibits excellent therapeutic effect for
Keratoconjunctivitis Sicca. Colloids Surf. B Biointerfaces 2016, 140, 1-10. [CrossRef] [PubMed]

Yu, Y;; Chen, D.; Li, Y;; Yang, W.; Tu, J.; Shen, Y. Improving the topical ocular pharmacokinetics of lyophilized cyclosporine
A-loaded micelles: Formulation, in vitro and in vivo studies. Drug Deliv. 2018, 25, 888-899. [CrossRef]

Sun, F; Zheng, Z.; Lan, J.; Li, X,; Li, M.; Song, K.; Wu, X. New micelle myricetin formulation for ocular delivery: Improved
stability, solubility, and ocular anti-inflammatory treatment. Drug Deliv. 2019, 26, 575-585. [CrossRef] [PubMed]

Shi, S.; Peng, F; Zheng, Q.; Zeng, L.; Chen, H.; Li, X.; Huang, J. Micelle-solubilized axitinib for ocular administration in
anti-neovascularization. Int. J. Pharm. 2019, 560, 19-26. [CrossRef]

Alami-Milani, M.; Zakeri-Milani, P; Valizadeh, H.; Sattari, S.; Salatin, S.; Jelvehgari, M. Evaluation of anti-inflammatory impact of
dexamethasone-loaded PCL-PEG-PCL micelles on endotoxin-induced uveitis in rabbits. Pharm. Dev. Technol. 2019, 24, 680-688.
[CrossRef]

Kost, O.A.; Beznos, O.V.; Davydova, N.G.; Manickam, D.S.; Nikolskaya, L1.; Guller, A.E.; Binevski, P.V.; Chesnokova, N.B.;
Shekhter, A.B.; Klyachko, N.L.; et al. Superoxide Dismutase 1 nanozyme for treatment of eye inflammation. Oxid. Med. Cell.
Longev. 2016, 2016, 5194239. [CrossRef]

Vaneev, A.N.; Kost, O.A.; Eremeev, N.L.; Beznos, O.V.; Alova, A.V.; Gorelkin, P.V.; Erofeev, A.S.; Chesnokova, N.B.; Kabanov, A.V.;
Klyachko, N.L. Superoxide Dismutase 1 Nanoparticles (Nano-SOD1) as a potential drug for the treatment of inflammatory eye
diseases. Biomedicines 2021, 9, 396. [CrossRef]

Salama, A.H.; Shamma, R.N. Tri/tetra-block co-polymeric nanocarriers as a potential ocular delivery system of lornoxicam:
In-vitro characterization, and in-vivo estimation of corneal permeation. Int. J. Pharm. 2015, 492, 28-39. [CrossRef] [PubMed]
Rabinovich-Guilatt, L.; Couvreur, P.; Lambert, G.; Dubernet, C. Cationic vectors in ocular drug delivery. J. Drug Target. 2004, 12,
623-633. [CrossRef] [PubMed]

Ways, TM.M.; Lau, WM.; Khutoryanskiy, V.V. Chitosan and its derivatives for application in mucoadhesive drug delivery
systems. Polymers 2018, 10, 267. [CrossRef] [PubMed]

Sogias, I.A.; Williams, A.C.; Khutoryanskiy, V.V. Why is Chitosan Mucoadhesive? Biomacromolecules 2008, 9, 1837-1842. [CrossRef]


http://doi.org/10.1021/mp200155t
http://doi.org/10.1016/j.colsurfb.2012.10.056
http://doi.org/10.1080/10837450.2018.1486424
http://doi.org/10.3109/10717544.2013.834417
http://doi.org/10.1016/j.jddst.2020.101912
http://doi.org/10.1016/j.ijpharm.2018.05.050
http://www.ncbi.nlm.nih.gov/pubmed/29800741
http://doi.org/10.1007/s13346-017-0416-1
http://doi.org/10.1016/j.biopha.2017.07.110
http://doi.org/10.1016/j.jconrel.2021.03.035
http://doi.org/10.1016/j.ijpharm.2016.07.055
http://doi.org/10.3390/pharmaceutics13091362
http://doi.org/10.1016/j.ijpharm.2017.02.035
http://www.ncbi.nlm.nih.gov/pubmed/28216468
http://doi.org/10.1016/j.colsurfb.2016.04.054
http://doi.org/10.1515/ntrev-2016-0004
http://doi.org/10.1016/j.colsurfb.2015.11.059
http://www.ncbi.nlm.nih.gov/pubmed/26731192
http://doi.org/10.1080/10717544.2018.1458923
http://doi.org/10.1080/10717544.2019.1622608
http://www.ncbi.nlm.nih.gov/pubmed/31172843
http://doi.org/10.1016/j.ijpharm.2019.01.051
http://doi.org/10.1080/10837450.2019.1578370
http://doi.org/10.1155/2016/5194239
http://doi.org/10.3390/biomedicines9040396
http://doi.org/10.1016/j.ijpharm.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/26151106
http://doi.org/10.1080/10611860400015910
http://www.ncbi.nlm.nih.gov/pubmed/15621688
http://doi.org/10.3390/polym10030267
http://www.ncbi.nlm.nih.gov/pubmed/30966302
http://doi.org/10.1021/bm800276d

Int. J. Mol. Sci. 2021, 22, 12368 26 of 30

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Khan, N.; Ameeduzzafar; Khanna, K.; Bhatnagar, A.; Ahmad, EJ.; Ali, A. Chitosan coated PLGA nanoparticles amplify the ocular
hypotensive effect of forskolin: Statistical design, characterization and in vivo studies. Int. J. Biol. Macromol. 2018, 116, 648-663.
[CrossRef]

Sawtarie, N.; Cai, Y.; Lapitsky, Y. Preparation of chitosan/tripolyphosphate nanoparticles with highly tunable size and low
polydispersity. Colloids Surf. B Biointerfaces 2017, 157, 110-117. [CrossRef]

Zafar, A.; Alruwaili, N.K,; Imam, S.S.; Alsaidan, O.A.; Alharbi, K.S.; Yasir, M.; ElImowafy, M.; Ansari, M.].; Salahuddin, M.;
Alshehri, S. Formulation of carteolol chitosomes for ocular delivery: Formulation optimization, ex-vivo permeation, and ocular
toxicity examination. Cutan. Ocul. Toxicol. 2021, 338-349. [CrossRef]

Badawi, A.A.; El-Laithy, H.M.; El Qidra, R.K.; El Mofty, H.; El dally, M. Chitosan based nanocarriers for indomethacin ocular
delivery. Arch. Pharm. Res. 2008, 31, 1040-1049. [CrossRef] [PubMed]

Salama, A.H.; Mahmoud, A.A.; Kamel, R. A novel method for preparing surface-modified fluocinolone acetonide loaded plga
nanoparticles for ocular use: In Vitro and In Vivo evaluations. AAPS PharmSciTech 2016, 17, 1159-1172. [CrossRef]

Song, S.; Zhou, W.; Wang, Y.; Jian, J. Self-aggregated nanoparticles based on amphiphilic poly(lactic acid)-grafted-chitosan
copolymer for ocular delivery of amphotericin B. Inf. J. Nanomed. 2013, 8, 3715-3728. [CrossRef]

Pandian, S.; Jeevanesan, V.; Ponnusamy, C.; Natesan, S. RES-loaded pegylated CS NPs: For efficient ocular delivery. IET
Nanobiotechnol. 2017, 11, 32-39. [CrossRef]

Giunchedi, P.; Chetoni, P.; Conte, U.; Saettone, M.F. Albumin microspheres for ocular delivery of piroxicam. Pharm. Pharmacol.
Commun. 2000, 6, 149-153. [CrossRef]

Addo, R.T,; Siddig, A.; Siwale, R.; Patel, N.J.; Akande, J.; Uddin, A.N.; D’Souza, M.]. Formulation, characterization and testing
of tetracaine hydrochloride-loaded albumin-chitosan microparticles for ocular drug delivery. J. Microencapsul. 2010, 27, 95-104.
[CrossRef] [PubMed]

Ahuja, M,; Dhake, A.S.; Sharma, S.K.; Majumdar, D.K. Diclofenac-loaded Eudragit S100 nanosuspension for ophthalmic delivery.
J. Microencapsul. 2011, 28, 37—45. [CrossRef]

Romeo, A.; Musumeci, T.; Carbone, C.; Bonaccorso, A.; Corvo, S.; Lupo, G.; Anfuso, C.D.; Puglisi, G.; Pignatello, R. Ferulic
acid-loaded polymeric nanoparticles for potential ocular delivery. Pharmaceutics 2021, 13, 687. [CrossRef]

Ding, D.; Kundukad, B.; Somasundar, A.; Vijayan, S.; Khan, S.A.; Doyle, P.S. Design of Mucoadhesive PLGA Microparticles for
Ocular Drug Delivery. ACS Appl. Bio Mater. 2018, 1, 561-571. [CrossRef]

Pandit, J.; Sultana, Y.; Aqil, M. Chitosan-coated PLGA nanoparticles of bevacizumab as novel drug delivery to target retina:
Optimization, characterization, and in vitro toxicity evaluation. Artif. Cells Nanomed. Biotechnol. 2017, 45, 1397-1407. [CrossRef]
[PubMed]

Tyler, B.; Gullotti, D.; Mangraviti, A.; Utsuki, T.; Brem, H. Polylactic acid (PLA) controlled delivery carriers for biomedical
applications. Adv. Drug Deliv. Rev. 2016, 107, 163-175. [CrossRef]

Gentile, P; Chiono, V.; Carmagnola, I.; Hatton, P. An overview of poly(lactic-co-glycolic) acid (PLGA)-based biomaterials for
bone tissue engineering. Int. J. Mol. Sci. 2014, 15, 3640-3659. [CrossRef]

Liu, S.; Jones, L.; Gu, EX. Development of mucoadhesive drug delivery system using phenylboronic acid functionalized poly(D,
L-lactide)-b-dextran nanoparticles. Macromol. Biosci. 2012, 12, 1622-1626. [CrossRef] [PubMed]

Mandal, A.; Bisht, R.; Rupenthal, I.D.; Mitra, A.K. Polymeric micelles for ocular drug delivery: From structural frameworks to
recent preclinical studies. ]. Control. Release 2017, 248, 96-116. [CrossRef]

Deshmukh, A.S.; Chauhan, P.N.; Noolvi, M.N.; Chaturvedi, K.; Ganguly, K.; Shukla, S.S.; Nadagouda, M.N.; Aminabhavi, T.M.
Polymeric micelles: Basic research to clinical practice. Int. |. Pharm. 2017, 532, 249-268. [CrossRef] [PubMed]

Tawfik, S.M.; Azizov, S.; Elmasry, M.R.; Sharipov, M.; Lee, Y.-I. Recent advances in nanomicelles delivery systems. Nanomaterials
2020, 11, 70. [CrossRef] [PubMed]

Grimaudo, M.A; Pescina, S.; Padula, C.; Santi, P.; Concheiro, A.; Alvarez-Lorenzo, C.; Nicoli, S. Topical application of polymeric
nanomicelles in ophthalmology: A review on research efforts for the noninvasive delivery of ocular therapeutics. Expert Opin.
Drug Deliv. 2019, 16, 397-413. [CrossRef]

Durgun, M.E,; Glingér, S.; (")zsoy, Y. Micelles: Promising ocular drug carriers for anterior and posterior segment diseases. J. Ocul.
Pharmacol. Ther. 2020, 36, 323-341. [CrossRef]

Ozsoy, Y.; Giingor, S.; Kahraman, E.; Durgun, M.E. Polymeric micelles as a novel carrier for ocular drug delivery. In Nanoarchitec-
tonics in Biomedicine; Elsevier: Amsterdam, The Netherlands, 2019; pp. 85-117.

Prosperi-Porta, G.; Kedzior, S.; Muirhead, B.; Sheardown, H. Phenylboronic-acid-based polymeric micelles for mucoadhesive
anterior segment ocular drug delivery. Biomacromolecules 2016, 17, 1449-1457. [CrossRef]

Masse, F.; Ouellette, M.; Lamoureux, G.; Boisselier, E. Gold nanoparticles in ophthalmology. Med. Res. Rev. 2019, 39, 302-327.
[CrossRef]

Apaolaza, PS.; Busch, M.; Asin-Prieto, E.; Peynshaert, K.; Rathod, R.; Remaut, K.; Diinker, N.; Gopferich, A. Hyaluronic acid
coating of gold nanoparticles for intraocular drug delivery: Evaluation of the surface properties and effect on their distribution.
Exp. Eye Res. 2020, 198. [CrossRef]

Masse, E; Desjardins, P.; Ouellette, M.; Couture, C.; Omar, M.M.; Pernet, V.; Guérin, S.; Boisselier, E. Synthesis of ultrastable gold
nanoparticles as a new drug delivery system. Molecules 2019, 24, 2929. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijbiomac.2018.04.122
http://doi.org/10.1016/j.colsurfb.2017.05.055
http://doi.org/10.1080/15569527.2021.1958225
http://doi.org/10.1007/s12272-001-1266-6
http://www.ncbi.nlm.nih.gov/pubmed/18787795
http://doi.org/10.1208/s12249-015-0448-0
http://doi.org/10.2147/IJN.S51186
http://doi.org/10.1049/iet-nbt.2016.0069
http://doi.org/10.1211/146080800128735809
http://doi.org/10.3109/02652040903010638
http://www.ncbi.nlm.nih.gov/pubmed/20055748
http://doi.org/10.3109/02652048.2010.523794
http://doi.org/10.3390/pharmaceutics13050687
http://doi.org/10.1021/acsabm.8b00041
http://doi.org/10.1080/21691401.2016.1243545
http://www.ncbi.nlm.nih.gov/pubmed/27855494
http://doi.org/10.1016/j.addr.2016.06.018
http://doi.org/10.3390/ijms15033640
http://doi.org/10.1002/mabi.201200216
http://www.ncbi.nlm.nih.gov/pubmed/23165800
http://doi.org/10.1016/j.jconrel.2017.01.012
http://doi.org/10.1016/j.ijpharm.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28882486
http://doi.org/10.3390/nano11010070
http://www.ncbi.nlm.nih.gov/pubmed/33396938
http://doi.org/10.1080/17425247.2019.1597848
http://doi.org/10.1089/jop.2019.0109
http://doi.org/10.1021/acs.biomac.6b00054
http://doi.org/10.1002/med.21509
http://doi.org/10.1016/j.exer.2020.108151
http://doi.org/10.3390/molecules24162929
http://www.ncbi.nlm.nih.gov/pubmed/31412609

Int. J. Mol. Sci. 2021, 22, 12368 27 of 30

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

Salem, H.F.; Ahmed, S.M.; Omar, M.M. Liposomal flucytosine capped with gold nanoparticle formulations for improved ocular
delivery. Drug Des. Devel. Ther. 2016, 10, 277-295. [CrossRef] [PubMed]

Pereira, D.V,; Petronilho, F.; Pereira, H.R.S.B.; Vuolo, E; Mina, E,; Possato, J.C.; Vitto, M.E,; de Souza, D.R.; da Silva, L.; Paula,
M.M.d.S; et al. Effects of gold nanoparticles on endotoxin-induced uveitis in rats. Investig. Ophthalmol. Vis. Sci. 2012, 53,
8036-8041. [CrossRef] [PubMed]

Nguyen, D.D.; Luo, L.J.; Lai, J.Y. Toward understanding the purely geometric effects of silver nanoparticles on potential
application as ocular therapeutics via treatment of bacterial keratitis. Mater. Sci. Eng. C 2021, 119, 111497. [CrossRef]
Anbukkarasi, M.; Thomas, P.A.; Sheu, ].R.; Geraldine, P. In vitro antioxidant and anticataractogenic potential of silver nanoparti-
cles biosynthesized using an ethanolic extract of Tabernaemontana divaricata leaves. Biomed. Pharmacother. 2017, 91, 467-475.
[CrossRef] [PubMed]

MacCarone, R.; Tisi, A.; Passacantando, M.; Ciancaglini, M. Ophthalmic applications of cerium oxide nanoparticles. J. Ocul.
Pharmacol. Ther. 2020, 36, 376-383. [CrossRef] [PubMed]

Khorrami, M.B.; Sadeghnia, H.R.; Pasdar, A.; Ghayour-Mobarhan, M.; Riahi-Zanjani, B.; Hashemzadeh, A.; Zare, M.; Darroudi,
M. Antioxidant and toxicity studies of biosynthesized cerium oxide nanoparticles in rats. Int. . Nanomed. 2019, 14, 2915-2926.
[CrossRef]

Chen, X.; Zhu, S.; Hu, X,; Sun, D.; Yang, J.; Yang, C.; Wu, W.; Li, Y,; Gu, X; Li, M; et al. Toxicity and mechanism of mesoporous
silica nanoparticles in eyes. Nanoscale 2020, 12, 13637-13653. [CrossRef]

Kim, S.N.; Ko, S.A.; Park, C.G,; Lee, S.H.; Huh, BK,; Park, YH.; Kim, YK ; Ha, A.; Park, K.H.; Choy, Y. Bin Amino-functionalized
mesoporous silica particles for ocular delivery of brimonidine. Mol. Pharm. 2018, 15, 3143-3152. [CrossRef] [PubMed]
Nikolskaya, I.L; Beznos, O.V.; Eltsov, A.I; Gachok, I.V.; Chesnokova, N.B.; Varlamov, V.P,; Kost, O.A. The inclusion of timolol and
lisinopril in calcium phosphate particles covered by chitosan: Application in ophthalmology. Vestn. Mosk. Univ. 2018, 59, 170-176.
[CrossRef]

Shimanovskaya, E.V.; Nikol’skaya, I.L; Binevskii, P.V.; Klyachko, N.L.; Kost, O.A.; Beznos, O.V.; Pavlenko, T.A.; Chesnokova, N.B.
Lisinopril in the composition of calcium phosphate nanoparticles as a promising antiglaucoma agent. Nanotechnol. Russ. 2014, 9,
219-226. [CrossRef]

Binevski, P.V.; Balabushevich, N.G.; Uvarova, V.I; Vikulina, A.S. Bio-friendly encapsulation of superoxide dismutase into vaterite
CaCO3 crystals. Enzyme activity, release mechanism, and perspectives for ophthalmology. Colloids Surf. B Biointerfaces 2019, 181,
437-449. [CrossRef] [PubMed]

Bruschi, M.L.; de Toledo, L.d.A.S. Pharmaceutical applications of iron-oxide magnetic nanoparticles. Magnetochemistry 2019, 5, 50.
[CrossRef]

Maulvi, FA,; Patil, R].; Desai, A.R.; Shukla, M.R.; Vaidya, R.J.; Ranch, KM.; Vyas, B.A.; Shah, S.A.; Shah, D.O. Effect of gold
nanoparticles on timolol uptake and its release kinetics from contact lenses: In vitro and in vivo evaluation. Acta Biomater. 2019,
86, 350-362. [CrossRef]

Karakogak, B.B.; Raliya, R.; Davis, ].T.; Chavalmane, S.; Wang, W.N.; Ravi, N.; Biswas, P. Biocompatibility of gold nanoparticles in
retinal pigment epithelial cell line. Toxicol. Vitr. 2016, 37, 61-69. [CrossRef] [PubMed]

Wang, Y.; Xia, R.; Hu, H.; Peng, T. Biosynthesis, characterization and cytotoxicity of gold nanoparticles and their loading with
N-acetylcarnosine for cataract treatment. J. Photochem. Photobiol. B Biol. 2018, 187, 180-183. [CrossRef]

Li, Y.-J.; Luo, L.-J.; Harroun, S.G.; Wei, S.-C.; Unnikrishnan, B.; Chang, H.-T.; Huang, Y.-F,; Lai, ].-Y.; Huang, C.-C. Synergistically
dual-functional nano eye-drops for simultaneous anti-inflammatory and anti-oxidative treatment of dry eye disease. Nanoscale
2019, 11, 5580-5594. [CrossRef]

Hendiger, E.B.; Padzik, M.; Sifaoui, I.; Reyes-Batlle, M.; Lépez-Arencibia, A.; Rizo-Liendo, A.; Bethencourt-Estrella, C.J.; Nicolas-
Hernéndez, D.S.; Chiboub, O.; Rodriguez-Expoésito, R.L.; et al. Silver nanoparticles as a novel potential preventive agent against
acanthamoeba keratitis. Pathogens 2020, 9, 350. [CrossRef]

Mathew, T.V,; Kuriakose, S. Photochemical and antimicrobial properties of silver nanoparticle-encapsulated chitosan functional-
ized with photoactive groups. Mater. Sci. Eng. C 2013, 33, 4409—-4415. [CrossRef] [PubMed]

Yang, T.; Yao, Q.; Cao, E,; Liu, Q.; Liu, B.; Wang, X.-H. Silver nanoparticles inhibit the function of hypoxia-inducible factor-1 and
target genes: Insight into the cytotoxicity and antiangiogenesis. Int. J. Nanomed. 2016, 11, 6679-6692. [CrossRef]

Zhang, Y.J.; Wang, Z.Y.; Zhao, G.; Liu, ].X. Silver nanoparticles affect lens rather than retina development in zebrafish embryos.
Ecotoxicol. Environ. Saf. 2018, 163, 279-288. [CrossRef]

Kim, J.5,; Song, K.S.; Sung, ].H.; Ryu, H.R.; Choi, B.G.; Cho, H.S.; Lee, ].K.; Yu, L]. Genotoxicity, acute oral and dermal toxicity, eye
and dermal irritation and corrosion and skin sensitisation evaluation of silver nanoparticles. Nanotoxicology 2012, 7, 953-960.
[CrossRef]

Wong, L.L.; Hirst, S.M.; Pye, Q.N.; Reilly, C.M.; Seal, S.; McGinnis, ].F. Catalytic nanoceria are preferentially retained in the rat
retina and are not cytotoxic after intravitreal injection. PLoS ONE 2013, 8, e58431. [CrossRef]

Baldim, V.; Yadav, N.; Bia, N.; Graillot, A.; Loubat, C.; Singh, S.; Karakoti, A.S.; Berret, J.-F. Polymer-coated cerium oxide
nanoparticles as oxidoreductase-like catalysts. ACS Appl. Mater. Interfaces 2020, 12, 42056-42066. [CrossRef]

Cai, X,; Seal, S.; McGinnis, ].E. Non-toxic retention of nanoceria in murine eyes. Mol. Vis. 2016, 22, 1176.

Yu, F; Zheng, M.; Zhang, A.Y.; Han, Z. A cerium oxide loaded glycol chitosan nano-system for the treatment of dry eye disease. J.
Control. Release 2019, 315, 40. [CrossRef] [PubMed]


http://doi.org/10.2147/DDDT.S91730
http://www.ncbi.nlm.nih.gov/pubmed/26834459
http://doi.org/10.1167/iovs.12-10743
http://www.ncbi.nlm.nih.gov/pubmed/23150627
http://doi.org/10.1016/j.msec.2020.111497
http://doi.org/10.1016/j.biopha.2017.04.079
http://www.ncbi.nlm.nih.gov/pubmed/28477463
http://doi.org/10.1089/jop.2019.0105
http://www.ncbi.nlm.nih.gov/pubmed/31891528
http://doi.org/10.2147/IJN.S194192
http://doi.org/10.1039/D0NR03208E
http://doi.org/10.1021/acs.molpharmaceut.8b00215
http://www.ncbi.nlm.nih.gov/pubmed/30020792
http://doi.org/10.3103/S0027131418020116
http://doi.org/10.1134/S1995078014020141
http://doi.org/10.1016/j.colsurfb.2019.05.077
http://www.ncbi.nlm.nih.gov/pubmed/31176116
http://doi.org/10.3390/magnetochemistry5030050
http://doi.org/10.1016/j.actbio.2019.01.004
http://doi.org/10.1016/j.tiv.2016.08.013
http://www.ncbi.nlm.nih.gov/pubmed/27599945
http://doi.org/10.1016/j.jphotobiol.2018.08.014
http://doi.org/10.1039/C9NR00376B
http://doi.org/10.3390/pathogens9050350
http://doi.org/10.1016/j.msec.2013.06.037
http://www.ncbi.nlm.nih.gov/pubmed/23910360
http://doi.org/10.2147/IJN.S109695
http://doi.org/10.1016/j.ecoenv.2018.07.079
http://doi.org/10.3109/17435390.2012.676099
http://doi.org/10.1371/annotation/569989ba-586e-468d-bba3-d9a737b15459
http://doi.org/10.1021/acsami.0c08778
http://doi.org/10.1016/j.jconrel.2019.10.039
http://www.ncbi.nlm.nih.gov/pubmed/31669212

Int. J. Mol. Sci. 2021, 22, 12368 28 of 30

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Luo, L.J.; Nguyen, D.D.; Lai, ].Y. Dually functional hollow ceria nanoparticle platform for intraocular drug delivery: A push
beyond the limits of static and dynamic ocular barriers toward glaucoma therapy. Biomaterials 2020, 243, 119961. [CrossRef]
[PubMed]

Trofimov, A.D.; Ivanova, A.A.; Zyuzin, M.V,; Timin, A.S. Porous inorganic carriers based on silica, calcium carbonate and calcium
phosphate for controlled /modulated drug delivery: Fresh outlook and future perspectives. Pharmaceutics 2018, 10, 167. [CrossRef]
Kim, J.-Y,; Park, J.-H.; Kim, M.; Jeong, H.; Hong, J.; Chuck, R.S.; Park, C.Y. Safety of nonporous silica nanoparticles in human
corneal endothelial cells. Sci. Rep. 2017, 7, 14566. [CrossRef] [PubMed]

Park, J.-H.; Jeong, H.; Hong, J.; Chang, M.; Kim, M.; Chuck, R.S,; Lee, ] K; Park, C.-Y. The effect of silica nanoparticles on human
corneal epithelial cells. Sci. Rep. 2016, 6, 37762. [CrossRef]

Kim, M,; Park, ].H.; Jeong, H.; Hong, J.; Park, C.Y. Effects of nonporous silica nanoparticles on human trabecular meshwork cells.
J. Glaucoma 2021, 30, 195-202. [CrossRef]

Jo, D.H,; Kim, J.H.; Yu, Y.S.; Lee, T.G.; Kim, ]J.H. Antiangiogenic effect of silicate nanoparticle on retinal neovascularization
induced by vascular endothelial growth factor. Nanomed. Nanotechnol. Biol. Med. 2012, 8, 784-791. [CrossRef]

Sun, J.G,; Jiang, Q.; Zhang, X.P; Shan, K; Liu, B.H.; Zhao, C.; Yan, B. Mesoporous silica nanoparticles as a delivery system for
improving antiangiogenic therapy. Int. J. Nanomed. 2019, 14, 1489-1501. [CrossRef]

Liao, Y.-T,; Lee, C.-H.; Chen, S.-T; Lai, J.-Y.; Wu, K.C.-W. Gelatin-functionalized mesoporous silica nanoparticles with sustained
release properties for intracameral pharmacotherapy of glaucoma. J. Mater. Chem. B 2017, 5, 7008-7013. [CrossRef] [PubMed]
Chen, R; Qian, Y; Li, R.; Zhang, Q.; Liu, D.; Wang, M.; Xu, Q. Methazolamide calcium phosphate nanoparticles in an ocular
delivery system. Yakugaku Zasshi 2010, 130, 419-424. [CrossRef] [PubMed]

Safi, S.; Karimzadeh, F,; Labbaf, S. Mesoporous and hollow hydroxyapatite nanostructured particles as a drug delivery vehicle for
the local release of ibuprofen. Mater. Sci. Eng. C 2018, 92, 712-719. [CrossRef] [PubMed]

Tolba, E.; Miiller, W.E.G.; Abd El-Hady, B.M.; Neufurth, M.; Wurm, F.; Wang, S.; Schroder, H.C.; Wang, X. High biocompatibility
and improved osteogenic potential of amorphous calcium carbonate/vaterite. J. Mater. Chem. B 2016, 4, 376-386. [CrossRef]
[PubMed]

Roth, R.; Schoelkopf, ].; Huwyler, J.; Puchkov, M. Functionalized calcium carbonate microparticles for the delivery of proteins.
Eur. J. Pharm. Biopharm. 2018, 122, 96-103. [CrossRef]

Chesnokova, N.B.; Nikolskaya, I.I; Kost, O.A.; Beznos, O.V.; Galitskiy, V.A. Calcium phosphate particles containing superoxide
dismutase are a promising agent for the treatment of eye diseases accompanied by oxidative stress. Moscow Univ. Chem. Bull.
2016, 71, 154-159. [CrossRef]

Li, J.; Chen, Y.-C.C.; Tseng, Y.-C.C.; Mozumdar, S.; Huang, L. Biodegradable calcium phosphate nanoparticle with lipid coating
for systemic siRNA delivery. J. Control. Release 2010, 142, 416-421. [CrossRef]

Guo, L.; Wang, L.; Yang, R.; Feng, R.; Li, Z.; Zhou, X.; Dong, Z.; Ghartey-Kwansah, G.; Xu, M.M.; Nishi, M.; et al. Optimizing
conditions for calcium phosphate mediated transient transfection. Saudi J. Biol. Sci. 2017, 24, 622-629. [CrossRef]

Trushina, D.B.; Bukreeva, T.V.; Kovalchuk, M.V.; Antipina, M.N. CaCOj vaterite microparticles for biomedical and personal care
applications. Mater. Sci. Eng. C 2014, 45, 644-658. [CrossRef]

Balabushevich, N.G.; Kovalenko, E.A.; Mikhalchik, E.V,; Filatova, L.Y.; Volodkin, D.; Vikulina, A.S. Mucin adsorption on vaterite
CaCO3 microcrystals for the prediction of mucoadhesive properties. |. Colloid Interface Sci. 2019, 545, 330-339. [CrossRef]
[PubMed]

Parakhonskiy, B.V.; Foss, C.; Carletti, E.; Fedel, M.; Haase, A.; Motta, A.; Migliaresi, C. Renzo antolini tailored intracellular
delivery via a crystal phase transition in 400 nm vaterite particles. Biomater. Sci. 2013, 1, 1273-1281. [CrossRef] [PubMed]

Zhao, Y.; Du, W,; Sun, L.; Yu, L.; Jiao, J.; Wang, R. Facile synthesis of calcium carbonate with an absolutely pure crystal form using
1-butyl-3-methylimidazolium dodecyl sulfate as the modifier. Colloid Polym. Sci. 2013, 291, 2191-2202. [CrossRef]

Borodina, T.N.; Trushina, D.B.; Marchenko, 1.V.; Bukreeva, T.V. Calcium carbonate-based mucoadhesive microcontainers for
intranasal delivery of drugs bypassing the blood-brain barrier. Bionanoscience 2016, 6, 261-268. [CrossRef]

Vikulina, A.S.; Feoktistova, N.A.; Balabushevich, N.G.; Skirtach, A.G.; Volodkin, D. The mechanism of catalase loading into
porous vaterite CaCO3 crystals by co-synthesis. Phys. Chem. Chem. Phys. 2018, 20, 8822-8831. [CrossRef]

Dorozhkin, S.V.; Epple, M. Biological and medical significance of calcium phosphates. Angew. Chemie Int. Ed. 2002, 41, 3130-3146.
[CrossRef]

Liu, Y,; Hunziker, E.B.; Randall, N.X.; de Groot, K.; Layrolle, P. Proteins incorporated into biomimetically prepared calcium
phosphate coatings modulate their mechanical strength and dissolution rate. Biomaterials 2003, 24, 65-70. [CrossRef]
Shimanovskaia, E.V.; Beznos, O.V,; Klyachko, N.L.; Kost, O.A.; Nikol’skaia, I.I.; Pavlenko, T.A.; Chesnokova, N.B.; Kabanov,
A.V. Production of timolol containing calcium-phosphate nanoparticles and evaluation of their effect on intraocular pressure in
experiment. Vestn Oftalmol. 2012, 128, 15-18.

Morgol, T.; Weidner, J.M.; Mehta, A.; Bell, S.J.D.; Block, T. Calcium phosphate particles as pulmonary delivery system for
interferon-o in mice. AAPS PharmSciTech 2017, 19, 395-412. [CrossRef]

Banik, M.; Basu, T. Calcium phosphate nanoparticles: A study of their synthesis, characterization and mode of interaction with
salmon testis DNA. Dalt. Trans. 2014, 43, 3244-3259. [CrossRef]


http://doi.org/10.1016/j.biomaterials.2020.119961
http://www.ncbi.nlm.nih.gov/pubmed/32171102
http://doi.org/10.3390/pharmaceutics10040167
http://doi.org/10.1038/s41598-017-15247-2
http://www.ncbi.nlm.nih.gov/pubmed/29109483
http://doi.org/10.1038/srep37762
http://doi.org/10.1097/IJG.0000000000001709
http://doi.org/10.1016/j.nano.2011.09.003
http://doi.org/10.2147/IJN.S195504
http://doi.org/10.1039/C7TB01217A
http://www.ncbi.nlm.nih.gov/pubmed/32263891
http://doi.org/10.1248/yakushi.130.419
http://www.ncbi.nlm.nih.gov/pubmed/20190526
http://doi.org/10.1016/j.msec.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30184799
http://doi.org/10.1039/C5TB02228B
http://www.ncbi.nlm.nih.gov/pubmed/32263204
http://doi.org/10.1016/j.ejpb.2017.10.012
http://doi.org/10.3103/s002713141603007x
http://doi.org/10.1016/j.jconrel.2009.11.008
http://doi.org/10.1016/j.sjbs.2017.01.034
http://doi.org/10.1016/j.msec.2014.04.050
http://doi.org/10.1016/j.jcis.2019.03.042
http://www.ncbi.nlm.nih.gov/pubmed/30901672
http://doi.org/10.1039/c3bm60141b
http://www.ncbi.nlm.nih.gov/pubmed/32481982
http://doi.org/10.1007/s00396-013-2960-7
http://doi.org/10.1007/s12668-016-0212-2
http://doi.org/10.1039/C7CP07836F
http://doi.org/10.1002/1521-3773(20020902)41:17&lt;3130::AID-ANIE3130&gt;3.0.CO;2-1
http://doi.org/10.1016/S0142-9612(02)00252-1
http://doi.org/10.1208/s12249-017-0847-5
http://doi.org/10.1039/C3DT52522H

Int. J. Mol. Sci. 2021, 22, 12368 29 of 30

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Qi, C,; Zhu, Y.; Zhao, X.; Lu, B.; Tang, Q.; Zhao, ]. Highly stable amorphous calcium phosphate porous nanospheres: Microwave-
assisted rapid synthesis using ATP as phosphorus source and stabilizer, and their application in anticancer drug delivery. Chem.
Eur. J. 2013, 19, 981-987. [CrossRef]

Sharma, R.; Barth, B.M.; Altino, E.I; Morgan, T.T.; Sriram, S.; Kaiser, ].M.; Mcgovern, C.; Matters, G.L.; Jill, P.; Kester, M.; et al.
Bioconjugation of calcium phosphate nanoparticles for selective targeting of human breast and pancreatic cancers in vivo. ACS
Nano 2011, 4, 1279-1287. [CrossRef]

Tang, J.; Li, L.; Howard, C.B.; Mahler, S.M.; Huang, L.; Xu, Z.P. Preparation of optimized lipid-coated calcium phosphate
nanoparticles for enhanced in vitro gene delivery to breast cancer cells. J. Mater. Chem. B 2015, 3, 6805-6812. [CrossRef]

Singh, S.; Bhardwaj, P; Singh, V.; Aggarwal, S.; Mandal, U K. Synthesis of nanocrystalline calcium phosphate in microemulsion—
effect of nature of surfactants. J. Colloid Interface Sci. 2008, 319, 322-329. [CrossRef]

Severin, A.V,; Orlova, M.A.; Shalamova, E.S.; Egorov, A.V,; Sirotin, M.A. Nanohydroxyapatite and its textures as potential carriers
of promising short-lived lead isotopes. Russ. Chem. Bull. 2019, 68, 2197-2204. [CrossRef]

Agarwal, R.; Krasilnikova, A.V.; Raja, L.S.; Agarwal, P; Ismail, N.M. Mechanisms of angiotensin converting enzyme inhibitor-
induced IOP reduction in normotensive rats. Eur. J. Pharmacol. 2014, 730, 8-13. [CrossRef]

Pitorre, M.; Gondé, H.; Haury, C.; Messous, M.; Poilane, J.; Boudaud, D.; Kanber, E.; Rossemond Ndombina, G.A.; Benoit, ].P.;
Bastiat, G. Recent advances in nanocarrier-loaded gels: Which drug delivery technologies against which diseases? J. Control.
Release 2017, 266, 140-155. [CrossRef] [PubMed]

Upadhayay, P.; Kumar, M.; Pathak, K. Norfloxacin loaded pH triggered nanoparticulate in-situ gel for extraocular bacterial
infections: Optimization, ocular irritancy and corneal toxicity. Iran. ]. Pharm. Res. 2016, 15, 3-22. [CrossRef] [PubMed]

Wu, Y;; Liu, Y.; Li, X.; Kebebe, D.; Zhang, B.; Ren, J.; Lu, J.; Li, J.; Du, S.; Liu, Z. Research progress of in-situ gelling ophthalmic
drug delivery system. Asian |. Pharm. Sci. 2019, 14, 1-15. [CrossRef] [PubMed]

Singh, J.; Chhabra, G.; Pathak, K. Development of acetazolamide-loaded, pH-triggered polymeric nanoparticulate in situ gel for
sustained ocular delivery: In vitro, ex vivo evaluation and pharmacodynamic study. Drug Dev. Ind. Pharm. 2014, 40, 1223-1232.
[CrossRef]

Agrawal, AK,; Das, M.; Jain, S. In situ gel systems as “smart” carriers for sustained ocular drug delivery. Expert Opin. Drug Deliv.
2012, 9, 383-402. [CrossRef]

Patil, P.R.; Shaikh, S.S.; Shivsharan, K.J.; Shahi, S.R. In situ: A novel drug delivery system. Indo Am. ]. Pharm. Res. 2014, 4,
5406-5414.

Deka, M.; Ahmed, A.B.; Chakraborty, J. Development, evaluation and characteristics of ophthalmic in situ gel system: A Review.
Int. ]. Curr. Pharm. Res. 2019, 11, 47-53. [CrossRef]

Qian, Y,; Wang, E; Li, R.; Zhang, Q.; Xu, Q. Preparation and evaluation of in situ gelling ophthalmic drug delivery system for
methazolamide. Drug Dev. Ind. Pharm. 2010, 36, 1340-1347. [CrossRef]

Asasutjarit, R.; Thanasanchokpibull, S.; Fuongfuchat, A.; Veeranondha, S. Optimization and evaluation of thermoresponsive
diclofenac sodium ophthalmic in situ gels. Int. J. Pharm. 2011, 411, 128-135. [CrossRef]

Li, J.; Liu, H,; Liu, L.L.; Cai, C.N,; Xin, H.X,; Liu, W. Design and evaluation of a brinzolamide drug-resin in situ thermosensitive
gelling system for sustained ophthalmic drug delivery. Chem. Pharm. Bull. 2014, 62, 1000-1008. [CrossRef] [PubMed]
Maddiboyina, B.; Jhawat, V.; Desu, PK.; Gandhi, S.; Nakkala, R.K.; Singh, S. Formulation and evaluation of thermosensitive
flurbiprofen in situ nano gel for the ocular delivery. J. Biomater. Sci. Polym. Ed. 2021, 32, 1584-1597. [CrossRef]

Liu, R,; Sun, L,; Fang, S.; Wang, S.; Chen, J.; Xiao, X.; Liu, C. Thermosensitive in situ nanogel as ophthalmic delivery system of
curcumin: Development, characterization, in vitro permeation and in vivo pharmacokinetic studies. Pharm. Dev. Technol. 2016,
21,576-582. [CrossRef] [PubMed]

Almeida, H.; Lobao, P.; Frigerio, C.; Fonseca, J.; Silva, R.; Sousa Lobo, ].M.; Amaral, M.H. Preparation, characterization and
biocompatibility studies of thermoresponsive eyedrops based on the combination of nanostructured lipid carriers (NLC) and the
polymer Pluronic F-127 for controlled delivery of ibuprofen. Pharm. Dev. Technol. 2017, 22, 336-349. [CrossRef]

Shukr, M.H. Novel in situ gelling ocular inserts for voriconazole-loaded niosomes: Design, in vitro characterisation and in vivo
evaluation of the ocular irritation and drug pharmacokinetics. J. Microencapsul. 2016, 33, 71-79. [CrossRef] [PubMed]

Paradkar, M.U.; Parmar, M. Formulation development and evaluation of natamycin niosomal in-situ gel for ophthalmic drug
delivery. J. Drug Deliv. Sci. Technol. 2017, 39, 113-122. [CrossRef]

Obiedallah, M.M.; Abdel-Mageed, A.M.; Elfaham, T.H. Ocular administration of acetazolamide microsponges in situ gel
formulations. Saudi Pharm. ]. 2018, 26, 909-920. [CrossRef]

Gupta, H.; Aqil, M; Khar, RK; Ali, A.; Bhatnagar, A.; Mittal, G. Nanoparticles laden in situ gel for sustained ocular drug delivery.
J. Pharm. Bioallied Sci. 2013, 5, 162-165. [CrossRef]

Gupta, H,; Aqil, M.; Khar, RK.; Ali, A.; Bhatnagar, A.; Mittal, G. Nanoparticles laden in situ gel of levofloxacin for enhanced
ocular retention. Drug Deliv. 2013, 20, 306-309. [CrossRef]

Liu, L.; Gao, Q.; Lu, X.; Zhou, H. In situ forming hydrogels based on chitosan for drug delivery and tissue regeneration. Asian J.
Pharm. Sci. 2016, 11, 673-683. [CrossRef]

Zhou, H.Y;; Jiang, L.J.; Cao, PP; Li, ].B.; Chen, X.G. Glycerophosphate-based chitosan thermosensitive hydrogels and their
biomedical applications. Carbohydr. Polym. 2015, 117, 524-536. [CrossRef]


http://doi.org/10.1002/chem.201202829
http://doi.org/10.1021/nn901297q.Bioconjugation
http://doi.org/10.1039/C5TB00912J
http://doi.org/10.1016/j.jcis.2007.09.059
http://doi.org/10.1007/s11172-019-2688-8
http://doi.org/10.1016/j.ejphar.2014.02.021
http://doi.org/10.1016/j.jconrel.2017.09.031
http://www.ncbi.nlm.nih.gov/pubmed/28951319
http://doi.org/10.22037/ijpr.2016.1795
http://www.ncbi.nlm.nih.gov/pubmed/27610144
http://doi.org/10.1016/j.ajps.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/32104434
http://doi.org/10.3109/03639045.2013.814061
http://doi.org/10.1517/17425247.2012.665367
http://doi.org/10.22159/ijcpr.2019v11i4.34949
http://doi.org/10.3109/03639041003801893
http://doi.org/10.1016/j.ijpharm.2011.03.054
http://doi.org/10.1248/cpb.c14-00451
http://www.ncbi.nlm.nih.gov/pubmed/25099146
http://doi.org/10.1080/09205063.2021.1927460
http://doi.org/10.3109/10837450.2015.1026607
http://www.ncbi.nlm.nih.gov/pubmed/26024239
http://doi.org/10.3109/10837450.2015.1125922
http://doi.org/10.3109/02652048.2015.1128489
http://www.ncbi.nlm.nih.gov/pubmed/26739851
http://doi.org/10.1016/j.jddst.2017.03.005
http://doi.org/10.1016/j.jsps.2018.01.005
http://doi.org/10.4103/0975-7406.111824
http://doi.org/10.3109/10717544.2013.838712
http://doi.org/10.1016/j.ajps.2016.07.001
http://doi.org/10.1016/j.carbpol.2014.09.094

Int. J. Mol. Sci. 2021, 22, 12368 30 of 30

190.

191.

192.

193.

194.

195.

196.

197.

Fabiano, A.; Bizzarri, R.; Zambito, Y. Thermosensitive hydrogel based on chitosan and its derivatives containing medicated
nanoparticles for transcorneal administration of 5-fluorouracil. Int. J. Nanomed. 2017, 12, 633-643. [CrossRef] [PubMed]

Kong, X.; Xu, W.,; Zhang, C.; Kong, W. Chitosan temperature-sensitive gel loaded with drug microspheres has excellent
effectiveness, biocompatibility and safety as an ophthalmic drug delivery system. Exp. Ther. Med. 2018, 15, 1442-1448. [CrossRef]
Tan, G.; Yu, S.; Li, J.; Pan, W. Development and characterization of nanostructured lipid carriers based chitosan thermosensitive
hydrogel for delivery of dexamethasone. Int. J. Biol. Macromol. 2017, 103, 941-947. [CrossRef] [PubMed]

Ahmed, T.A.; Aljaeid, B.M. A potential in situ gel formulation loaded with novel fabricated poly(lactide-co-glycolide) nanoparti-
cles for enhancing and sustaining the ophthalmic delivery of ketoconazole. Int. ]. Nanomed. 2017, 12, 1863-1875. [CrossRef]
Schopf, L.; Enlow, E.; Popov, A.; Bourassa, J.; Chen, H. Ocular pharmacokinetics of a novel loteprednol etabonate 0.4% ophthalmic
formulation. Ophthalmol. Ther. 2014, 3, 63-72. [CrossRef] [PubMed]

Kim, T.; Sall, K.; Holland, E.; Brazzell, RK,; Coultas, S.; Gupta, PK. Safety and efficacy of twice daily administration of KPI-121
1% for ocular inflammation and pain following cataract surgery. Clin. Ophthalmol. 2018, 13, 69-86. [CrossRef]

Wentz, S.M.; Price, E.; Harris, A.; Siesky, B.; Ciulla, T. Efficacy and safety of bromfenac 0.075% formulated in DuraSite for pain
and inflammation in cataract surgery. Expert Opin. Pharmacother. 2019, 20, 1703-1709. [CrossRef] [PubMed]

Steinbach, O.C. Industry update: The latest developments in therapeutic delivery. Ther. Deliv. 2013, 4, 531-535. [CrossRef]
[PubMed]


http://doi.org/10.2147/IJN.S121642
http://www.ncbi.nlm.nih.gov/pubmed/28144144
http://doi.org/10.3892/etm.2017.5586
http://doi.org/10.1016/j.ijbiomac.2017.05.132
http://www.ncbi.nlm.nih.gov/pubmed/28545971
http://doi.org/10.2147/IJN.S131850
http://doi.org/10.1007/s40123-014-0021-z
http://www.ncbi.nlm.nih.gov/pubmed/25134493
http://doi.org/10.2147/OPTH.S185800
http://doi.org/10.1080/14656566.2019.1645834
http://www.ncbi.nlm.nih.gov/pubmed/31343372
http://doi.org/10.4155/tde.13.32
http://www.ncbi.nlm.nih.gov/pubmed/23647270

	Introduction 
	Polymeric Nanoparticles 
	Natural Materials 
	Chitosan 
	Alginate 
	Other Natural Polymers 

	Synthetic Materials 
	Eudragit 
	PLGA 
	PLA 


	Polymeric Nanomicelles 
	Inorganic Particles 
	Gold Nanoparticles 
	Silver Nanoparticles 
	Cerium Particles (CeO2) 
	Silica Nanoparticles 
	Particles Formed by Inorganic Salts 

	In Situ Hydrogels as an Additional Carrier of Drug-Loaded Nanoparticles 
	Potential Ocular Nanomedicine 
	Conclusions 
	References

