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Abstract
Application of a drug in the form of eye drops represents easiest, safest and, at the moment, the most common non-invasive
method of ocular drug application. Other conventional ophthalmic formulations in the form of aqueous and oily solutions,
ointments, suspensions and emulsions were established to increase bioavailability, solubility and pericorneal retention time of
a drug, compared to eye drops. But in the last few decades, nanotechnology-based ophthalmic formulations have been intensively
analysed in the area of drug delivery to anterior and posterior parts of the eye. Systems based on nanotechnology with adequate
nanoparticle size can be formed to achieve lower irritation and inflammation and better bioavailability and interaction of a drug
with ocular tissue. The nanocarrier-based approach led to the development of nanoparticles, nanosuspensions, nanoemulsions,
liposomes, nanomicelles, niosomes, nanocrystals and dendrimers for ocular drug delivery. These systems have significant
advancements compared to conventional systems, particularly if they are observed as systems for drug delivery to the posterior
eye part. Besides advantages, the nanoparticle use in these circumstances could be a reason for concern, because of certain toxic
effects noticed in some studies. In this article, we aim to provide an overview of the potential of incorporating an active
pharmaceutical ingredient into nanoparticles investigated in the therapy of anterior and posterior eye segment conditions. We
will discuss the most important improvements that have been accomplished in the development of nanoparticle-based formula-
tions for the treatment of glaucoma, autoimmune uveitis, age-associated macular degeneration and corneal and choroidal
neovascularization.
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1 Introduction

In comparison to the process of drug delivery to the other parts
of the body, the delivery of a drug to the eye segments is met
with numerous challenges, mostly different eye barriers.
Many of these eye barriers are unique and determined by
anatomy and physiology of the eye and they are considered
to be a significant challenge in the development of ocular drug
application technologies [1]. These eye barriers, both anatom-
ical and physiological, exist in the different parts of ocular
tissue, especially in the pericorneal space [2].

Conventional ophthalmic formulations usually present
poorer bioavailability because of the occurrence of lacrima-
tion, tear dilution and conjunctival absorption [2]. Poorer bio-
availability can also be caused because of the transient resi-
dence time and the impermeability of corneal epithelium [3].
Eye drops are the basic form of the drug administration to the
surface of the eye, due to the good compliance of patients and
also economic reasons. Active substances that are dissolved in
eye drops are usually absorbed through the cornea and the
conjunctiva. Due to the existence of corneal and conjunctival
barriers, less than 5% of a drug administered using eye drops
reaches the aqueous liquid of the eye, therefore eye drops must
be applied more often, for a drug to sustain its therapeutic
concentration. Eye drops have shown their efficacy in the
treatment of the defects of the cornea, eye irritation and glau-
coma. They are less powerful in the treatment of the posterior
eye segment conditions, including intraocular melanoma [4].
Blood-retinal barrier restricts the drug transport from the
blood to the retina. This eye barrier is made up of narrow
bonds of retinal capillary endothelial cells and retinal pigment
epithelium (RPE) [5].
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In the nanotechnology era, conventional ophthalmic for-
mulations preserve their status, significance and a large share
of the market, because they were primarily developed to im-
prove bioavailability, solubility and pericorneal retention time
of a drug [6].

Two types of emulsions that are commercially available are
water-in-oil type (w/o) and oil-in-water type (o/w). When it
comes to the ocular drug delivery, w/o emulsion systems are
preferred. Reasons include rare eye irritation and better drug
tolerance [7]. Suspensions contain finely divided and dis-
persed particles of an active pharmaceutical ingredient, that
is insoluble in an aqueous solvent. Suspended particles are
retained in the pericorneal pocket and therefore pericorneal
retention time and duration of drug action are improved [4].
Ointments are also a class of drug delivery systems, developed
for the application on the surface of the eye. They are mixtures
of solid and semi-solid hydrocarbons (e.g. paraffin) [8].

Although significant efforts are constantly being made to en-
hance their potency, there is still a demand to conquer the short-
comings linked to conventional ophthalmic formulations. It is
known that all of the previously described formulations can cause
the occurrence of eye irritation, eye redness and visual impair-
ment. Chronic treatment of a disease may enhance systemic drug
concentration, which can lead to serious complications. Dosage
forms with preservatives generate the formation of some harmful
effects after systemic drug absorption. To surmount the undesir-
able influence associated with these types of formulations, re-
searchers turned to studying the new strategies for ocular drug
delivery, wherein nanotechnology received special attention [8].

In this review, we aim to identify and discuss the different
types of nanosystems and nanoparticles used in ophthalmolo-
gy, their main characteristics, factors affecting their applica-
bility and the strengths and weaknesses of their use. We will
first describe the basic aspects of different nanosystems as
ocular drug delivery systems, such as nanomicelles, nanopar-
ticles, liposomes, niosomes, dendrimers, nanosuspensions,
nanoemulsions, nanocrystals, whilst giving main information
about their application as ocular drug delivery systems. In the
following section, we will discuss the difference between
polymeric and lipid nanoparticles, their subtypes, structure
and constituents and methods of the synthesis. In the next
section, we will discuss why some drugs are more effective
when incorporated into polymeric or lipid nanoparticles, and
provide results of recent research on some of the most used
drugs in ophthalmology. To continue, we will compare nano-
particles investigated for the treatment of diseases of the ante-
rior and posterior eye segments and their fundamental distinc-
tion. Later, we will discuss the application of nanoparticles in
glaucoma, corneal diseases, corneal neovascularization, cho-
roidal neovascularization, autoimmune uveitis and age-related
macular degeneration, which are the most common eye dis-
eases. Finally, we will make some conclusions and suggest
future outlooks about this very current topic.

2 Nanosystems as ocular drug delivery
systems

Nanosystems that can be used as ocular drug delivery systems
are nanomicelles, nanoparticles, liposomes, niosomes,
dendrimers, nanosuspensions, nanoemulsions, nanocrystals,
etc. Advantages of nanosystems over conventional ophthal-
mic formulations include [9]:

& Increased permeability and bioavailability of a drug;
& Reduced degradation of an unstable drug;
& Extended retention of a drug on the surface of the eye;
& Improved interaction with the cornea and
& Possibility of targeted delivery of a drug.

Particles of a smaller size like nanoparticles are well en-
dured and have mucoadhesive characteristics, responsible for
the extended contact time of a drug with ocular tissue and the
increase of its bioavailability. Other potential benefits of using
nanoparticles in the treatment of eye diseases are [10]:

& Possibility of patients’ self-care;
& No visual impairment;
& Protection against enzyme activity and
& Focus on the tissue of interest, which reduces required doses

as well as the possibility of the occurrence of adverse effects.

Several researchers have tried to develop drug-filled nano-
particles for its transfer to anterior and posterior eye parts. For
this type of delivery, nanoparticles are made of proteins and
natural or synthetic polymers (sodium alginate, albumin,
polycaprolactone and chitosan) with different types of solid,
semi-solid or liquid lipids [11]. Nanoparticles are prospective
candidates for these indications, due to their small size (from
10 to 1000 nm) that leads to depleted eye irritability and
prolonged drug dispensation, dodging numerous applications
per day. Compared to aqueous solutions, nanoparticles can as
well be removed quickly from the pericorneal pocket.
Therefore, polyethylene glycol (PEG), chitosan and
hyaluronic acid were combined in the development of nano-
particles with mucoadhesive properties, for improving
pericorneal retention time of a drug [12].

Nanomicelles (see Fig. 1) are mostly used for the formula-
tion of clear aqueous solutions. Generally speaking, they are
created using amphiphilic molecules. Research interest is fo-
cused on the development of nanomicellar formulations for
ocular use. Justification can be assigned to their great drug-
entrapment capacity, ease of formation and smaller size.
Besides, nanomicellar formulations can improve drug avail-
ability in ocular tissues, indicating better therapeutic outcomes
[10]. To this date, several studies have been carried out to
examine the possibilities of the ocular nanomicelle applica-
tion. Civiale and associates deployed dexamethasone-filled
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nanomicelles, using polyhydroxyethylaspartamide (PHEA),
for its transfer to the anterior eye segment. Dexamethasone
concentration was tested on rabbits as animal models and
outcomes demonstrated that these nanomicelles had better
bioavailability compared to its suspension. In this regard, it
is considered that nanomicellar formulations represent a good
option for the surface delivery of small molecules [13].
Nanomicelles were also investigated for drug delivery to the
posterior eye part. Voclosporin-filled nanomicelles could de-
liver this drug to the eye retina in studies conducted on rabbits.
These formulations were able to efficiently pass the anterior
ocular tissues and deliver this drug to the posterior ocular
tissues [10].

Nanosuspensions are proved to be a good approach for the
ocular delivery of hydrophilic drugs. They provide various
benefits, such as ease of sterilization, rare eye irritation, be-
cause of the submicronic size of drug particles, an increase of
pericorneal retention time, their stability, because of the use of
different surfactants and polymers and improvement of bio-
availability of drugs soluble in the lacrimal fluid of the eye
[14]. Results of studies conducted so far showed that
nanosuspensions can also be an effective ocular delivery sys-
tem for poorly water-soluble drugs. Glucocorticoids are al-
ways selected for the treatment of inflammation in the anterior
eye segment. This common treatment calls for frequent dos-
age regimens and higher doses that promote the production of
cataracts, glaucoma and impairment of the optic nerve. The
nanosuspension effectiveness in the enhancement of the ocu-
lar bioavailability of glucocorticoids has been displayed in
many studies. They can be incorporated into hydrogels to
achieve prolonged drug release over a specific time. That

means that they could improve the ocular bioavailability of
glucocorticoids [15].

The size of liposomes (see Fig. 2) is typically from 80 nm
to 100 μm and based on the size of phospholipid bilayers, that
surround the aqueous base, they can be categorized as small
unilamellar vesicles (sizes of 10–100 nm), large unilamellar
vesicles (sizes of 100–300 nm) and multilamellar vesicles
(containing more than one double layer) [11]. For the ocular
drug delivery, liposomes serve as an optimal system, due to
the great compatibility, the structure that is similar to the cell
membrane structure and the power to entrap hydrophilic and
lipophilic drugs. Liposomes have shown acceptable efficacy
for the treatment of anterior and posterior eye part diseases in
several studies. Development of liposomes is focused on the
improvement of the drug half-life, the reduction of its clear-
ance from the vitreous fluids, the protection of labile mole-
cules, such as peptides and oligonucleotides, from their deg-
radation and the provision of extended drug release [4].

Dendrimers (see Fig. 3) are also used as carriers in the
ocular drug delivery. These branched and star-shaped poly-
meric systems have different molecular weights, with terminal
amino, hydroxy or carboxyl functional groups. Choices of
molecular weight, surface charge and functional groups are
crucial for drug delivery. Highly branched structures enable
the incorporation of a large number of drugs, both hydropho-
bic and hydrophilic. In the ocular drug administration, numer-
ous encouraging results for these systems have been shown so
far. Polyamidoamine (PAMAM) dendrimers are widely ap-
plied in ocular drug delivery. Vandamme and Brobeck pointed
out the possibility of using PAMAM dendrimers as vesicles
for the ocular delivery of both tropicamide and pilocarpine
nitrate [16]. To avoid the formation of scar tissue after the
glaucoma filtration surgery, combinations of PAMAM
dendrimers with glucosamine-6-sulphate and glucosamine
were made, for the expression of immunomodulatory and

Fig. 1 Structure of nanomicelles

Fig. 2 Structure of liposomes
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antiangiogenic activities. Subconjugative administration of
these modified conjugates in rabbits showed significant inhi-
bition of proinflammatory and proangiogenic responses and
consequently reduced the formation of scar tissue. Results
obtained in the study conducted by Yavuz and associates
showed that the ocular administration of glucosamine and
glucosamine-6-sulphate can be useful and harmless in
averting the phenomenon of scar tissue after the glaucoma
filtration surgery [17].

Nanocrystals (see Fig. 4) of an active substance belong to a
group of therapeutic nanosystems with a crystalline structure
[18]. They can be administered exclusively by oral and par-
enteral routes. Nanocrystals of an active substance are built
almost entirely of an active substance, with only a small part
being made of excipients (stabilizers or surfactants). In addi-
tion to the increase of solubility of an active substance,

nanocrystals have a great capacity of adhesion, which may
provide longer drug retention in the pericorneal area and con-
sequently its higher bioavailability. Adherence and internali-
zation also depend on surfactants used in the formulation.
Most commonly, poloxamers and polysorbates are used [9].

Niosomes (see Fig. 5) are relatively new therapeutic sys-
tems that are interesting as carriers in ophthalmology, as they
are formed between various types of amphiphilic non-ionic
components in an aqueous medium, forming bilayer sacs,
sizes of 0,5–10 μm. They are biodegradable, biocompatible,
non-immunogenic and non-toxic. They have the capability to
incorporate hydrophilic and hydrophobic drugs, but they are
characterized by better chemical stability. Niosomes also
show similarities with microemulsions, as they contain a
surface-active compound, which allows them to increase drug
permeability through the cornea. Other advantages are better
spreading on the surface of the eye and the increase of viscos-
ity, compared to drug solutions [11, 19].

3 Types of nanoparticles in ocular drug
delivery systems

There are two types of nanoparticles: nanospheres and
nanocapsules (see Fig. 6). Nanospheres are defines as matrix
systems, in which a drug is adsorbed on the surface or evenly
dispersed into the matrix [20]. They consist of a solid core
with a dense polymer around it and range in size from 100
to 1000 nm [21]. Nanocapsules are defined as vesicular sys-
tems, in which the interior of the core can differ from the outer
polymeric sheath. In such systems, a drug is usually dissolved
in the nucleus of the particle, but it can also be adsorbed on the
surface [20]. Nanocapsules consist of an oil-filled cavity
surrounded by a firm polymeric envelope and range in size
from 10 to 1000 nm [21]. Nanoparticles can be coated with

Fig. 3 Structure of dendrimers

Fig. 4 Structure of nanocrystals Fig. 5 Structure of niosomes
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hydrophilic polymers or functional antibodies, which allows
drug delivery to the targeted site [20]. It studies carried out so
far, it is shown that surface modifications of these nanoparti-
cles can be achieved using targetingmolecules, e.g. transferrin
and folate, or OX26 monoclonal antibody [21].

In numerous studies, researchers have investigated the pos-
sibility of the application of different polymers in the prepara-
tion of nanoparticles, such as acrylic polymers (e.g. poly
(alkylcyanoacrylate) (PACA)), polyesters (e.g. poly-ɛ-
caprolactone), polysaccharides (e.g. hyaluronic acid and chito-
san). The first generation of nanoparticles was made of acrylic
polymer PACA and the sustained drug release in the
pericorneal area was achieved. Besides, prolonged retention
on the surface of the eye was achieved, consequently increasing
the duration of drug action. After the ocular toxicity of PACA
was discovered, polyacrylamide was used (the second genera-
tion). Nanospheres made of polyacrylamide with epinephrine
prolonged the duration of reduced intraocular pressure [22].

Nanoparticles built of polyesters (poly-ɛ-caprolactone and
copolymers of lactic and glycolic acids) were well tolerable in
the eye [23]. For example, betaxolol was combined with poly-
ɛ-caprolactone to achieve its optimal pharmacological effect,
due to the accumulation of hydrophobic nanoparticles and
their gradual release. Nanoparticles built of hydrophilic poly-
saccharides, e.g. hyaluronic acid and chitosan, were very safe
for ocular use. Hyaluronic acid is biodegradable and it is the
basic component of the vitreous body. Improving the

interaction of nanoparticles with the cornea is important for
drugs with targeted action site in the inner eye segment and
achieving the controlled drug release also provides the possi-
bility of treating diseases of the outer eye segment. This can be
achieved by coating nanoparticles with a polymer. The sim-
plest way of making coated nanosystems is by dispersing
nanoparticles in an aqueous solution of bioadhesive polymers.
The advantages include better permeability of embedded drug
(e.g. PACAwith cyclosporine-A) and increased stability in the
lacrimal fluid (e.g. coating with PEG prevents interactions of
nanosystems and proteins (enzymes)) [24].

The third generation includes nanoparticles with modified
surface properties. Surface properties change by cladding with
specific functional groups, which allows nanosystems to be
directed to the targeted site in the eye. An example is lectin, a
glycoprotein that recognizes and binds to specific carbohy-
drate groups located on the surface of the epithelial cells of
the cornea [20]. Positively charged nanoparticles penetrate
through cell membranes while negatively charged ones do
not enter the cell membrane, but prevent it from breaking
down [25]. Bioadhesive nanoparticles have been investigated
because of their capability to immobilize the particles on the
mucosal surface by the process of adhesion. The modification
of surface properties is achieved by using different
bioadhesive polymers. Between the formulation and the oral
mucosa, there is a large specific surface, leading to sustained
drug release and its more effective absorption [26].

Nanoparticles, due to their small size, that does not irritate,
and achieved sustained release, thus avoiding frequent drug
administration, are good systems for ocular drug delivery.
Nanoparticles were applied as an alternative method for con-
tinual drug delivery to the posterior eye part. For the drug
delivery to the posterior eye segment, the disposition of nano-
particles depends on their size and characteristics of the sur-
face. It was observed that, after the periocular application in
rats, 20 nm size-nanoparticles were quickly eliminated from
the periocular tissue. On the other hand, particles ranging in
size from 200 to 2000 nm were kept at the spot for two
months. Therefore, we can conclude that, for the extended
transscleral drug delivery through the blood and the lymph
circulation, nanoparticles were suitable systems [12, 27].

After intravitreal injection, different nanoparticles can drift
through the layers of the retina and try to concentrate on the
RPE. Zhang and associates explored pharmacokinetics and
tolerability of dexamethasone-loaded poly (lactic-co-glycolic
acid) (PLGA) nanoparticles (size of 232 ± 5,4 nm, polydisper-
sity index of 0,19 and encapsulation efficacy of 56%) after
intravitreal injection in rabbits. They deduced that entrapped
dexamethasone exhibits prolonged release for around 50 days.
Steady concentration of dexamethasone was kept for around
30 days with a medium concentration of 3,85 mg/L. On the
other hand, dexamethasone was only detected in traces on the
seventh day after the injection of its solution. There was no

Fig. 6 Structure of nanospheres and nanocapsules
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fast initial release, 6% of a drug was released the first day, with
97% of a drug released in the next 35 days. Bioavailability of
dexamethasone in the vitreous fluid, chorioretina and plasma
was higher 4,96, 4,15 and 6,35 times, respectively, compared
to the control. This indicates that this type of intravitreal in-
jection can be used to prolong the drug release in the treatment
of the posterior eye segment diseases [28].

The surface characteristics are the crucial factor that influ-
ences nanoparticle disposal from the vitreous fluid into the
layers of the retina. Koo and associates examined the parallel
between surface properties and nanoparticle disposal in the
vitreous fluid and the retina, after intravitreal injection.
Polyethyleneimine-glycol chitosan (PEI/GC) (size:
272,1 ± 9,2 nm, zeta potential: 20,7 ± 3,2 mV), human serum
albumin-glycol chitosan (HSA/GC) (size: 293,3 ± 11,1 nm,
zeta potential: −1,9 ± 4,1 mV) and human serum albumin-
hyaluronic acid (HSA/HA) (size: 344,8 ± 10,7 nm, zeta po-
tential: −23,3 ± 4,4 mV) nanoparticles were assembled by
mixing polymers. Nanoparticles were instilled into rats’ vitre-
ous cavity and vitreous and retinal distributions were assessed.
PEI/GC nanoparticles effortlessly passed through the vitreous
barrier and approached the inner limiting membrane. They did
not go through the pores of the inner limiting membrane into
the layers of the cornea. HSA/GC nanoparticles approached
the inner limiting membrane, but could not go through the
layers of the retina, which could occur due to the hindrance
of interactions between HSA and Müller cells, caused by GC.
Negatively charged HSA/HA nanoparticles could go through
the full retinal structure and approach the outer layers of the
retina, which was assigned to interactions between Müller
cells and the anionic surface. Both HA and HSA homogenous
nanoparticles, sizes of 200–300 nm, prevail the physical bar-
riers of the inner limiting membrane. Large amounts of HSA
nanoparticles reached the inner limitingmembrane, with some
of them going through the physical barriers of the inner lim-
iting membrane via endocytosis. During the penetration of
HSA nanoparticles into the structures of the retina, the
Müller cells were observed. The authors concluded that
HSA nanoparticles could penetrate through the retina via the
specific pathway in theMüller cells, based on endocytosis and
exocytosis [29]. In the second study, human serum albumin
nanoparticles (HSA-NP) penetrated through the entire retina,
following an intravitreal injection into rats’ eyes. Therefore,
HSA-NP could be useful carriers of drugs for the therapy of
age-associated macular degeneration (AMD), which requires
drug distribution in the choroidal region, to inhibit choroidal
neovascularization (CNV) [30].

3.1 Polymeric nanoparticles

Biodegradable polymeric nanoparticles of sizes from 10 to
100 nm are the most popular type of nanosystems in ocular
therapy. These systems can be composed of several polymers,

in which a drug is encapsulated or dissolved. Drugs can be
adsorbed on the surface or incorporated into the matrix.
Polymeric nanoparticles provide several advantages for ocular
use, which primarily relate to their properties: biodegradabil-
ity, non-toxicity, biocompatibility and mucoadhesiveness.
Polymers are suitable materials for the production of a large
number of different nanoparticles, which can be made either
by the direct process of polymerization of different monomers
or from derived polymers. For the production of nanoparticles
from derived polymers, methods like classic polymerization
or polyreaction, solvent evaporation, salting-out, dialysis and
technology of supercritical fluids can be used. Nanoparticles
can be directly constructed by the process of polymerization
of different monomers using several methods, such as
microemulsification, miniemulsification, emulsification with-
out surfactant and interfacial polymerization. The decision on
the preparation method is based on a large number of deter-
minants, like the polymer type, the application spot or the
required dimensions [31].

Advantages of polymeric nanoparticles are reflected in the
way that they [32]:

& Increase the stability of easily volatile substances;
& Are simply prepared;
& Provide a significant improvement over conventional

methods in terms of efficiency and effectiveness;
& Deliver greater concentration of an active pharmaceutical

ingredient to the targeted site and
& The choice of polymers and the ability to modify drug

release made them ideal candidates for the treatment of
cancer.

Drug release mechanisms from polymeric nanoparticles
include [32]:

& Swelling by hydration, followed by an active substance
release by diffusion;

& Enzymatic reactions resulting in polymer removal or de-
terioration at the action spot, thus releasing a drug out of
the nanoparticle core and

& Detachment of a drug and a polymer and its desorption
and liberation from nanoparticles.

Biodegradable nanoparticles are often used due to their
higher bioavailability, better encapsulation, controlled release
and less toxic properties. Also, polymeric nanoparticles can be
used as gene delivery carriers. The development of safe and
effective vector carriers for in vivo gene transfer is one of the
key challenges of gene therapy [31]. Polymeric nanoparticles
increase drug bioavailability by enhancing drug accumulation
at the action spot (passive or ligand-mediated mechanisms),
thereby reducing its necessary dose and side effects. However,
some authors describe the potential drawbacks of these types
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of nanoparticles, which are related to their toxicity, based on
the fact that the polymer deterioration can cause systemic
pernicious aftermath and due to the use of organic solvents
in the final formulation. Depending on the properties of the
used polymer, these types of nanoparticles can be produced
using a simple method, such as primary precipitation or
ionotropic gelation. Among the most important characteristics
required for the use of nanoparticles in ophthalmology is their
capability of retaining in ocular tissue, their size and the use of
polymers with mucoadhesive properties. These polymers
minimize drug clearance from the eye, by interacting with
mucin that is present on the surface of the eye. Pericorneal
retention time is increased and thus drug bioavailability.
Without these properties, nanoparticles are eliminated from
the pericorneal area at the same rate as aqueous solutions.
Different authors developed nanoparticle-based systems with
modified surface characteristics, coated with various
mucoadhesive polymers, to improve interaction with mucin
in the eye mucosa. Examples of these polymers are PEG,
poloxamers, poloxamines, hyaluronic acid, chitosan, poly-
acrylic acid, sodium alginate, etc. [33].

3.2 Lipid nanoparticles

Lipid nanoparticles were developed out of o/w emulsions, with
the replacement of liquid lipids with lipids solid at both room
and body temperature. Therefore, the above-mentioned sys-
tems consist of an aqueous dispersion of particles, ranging in
size from 150 to 300 nm, although particles of larger and small-
er dimensions can also be found. When observed with lipo-
somes and polymeric nanoparticles, lipid nanoparticles have
been described as superior carriers. Advantages of using lipid
nanoparticles are the absence of toxicity, the protection of drug
molecules from their degradation, good long-term stability,
controlled drug release, improved drug bioavailability, produc-
tion methods that do not require the use of organic solvents and
simplicity of transfer of production to an industrial level. There
are two groups of lipid nanoparticles: solid lipid nanoparticles
(SLN) and nanostructured lipid carriers (NLC) [34].

SLNs were developed as alternative systems to liposomes,
nanoemulsions and polymeric nanoparticles. They are made
up of a solid lipid with an incorporated drug. Their standard
size is less than 1 μm. Conventional excipients used in SLN
formulations are water, co-emulsifiers and emulsifiers. They
exhibit benefits like prolonged drug release, higher drug bio-
availability, chemical preservation of unstable molecules,
good cost-effectiveness ratio, improved drug inclusion and a
broad spectrum of applications. Different application routes
for SLNs, such as parenteral, oral, rectal, ophthalmic and top-
ical, are possible to achieve [35].

NLCs incorporate liquid and solid lipids as the basic matrix.
Because of the use of physiological and biodegradable lipids,
these carrier systems also exhibit excellent tolerance. SLNs

were primarily designed, while the design of NLCs was the
result of attempts to overcome SLNs’ noted drawbacks, such
as insufficient drug-loading capacity and drug ejection while
being stored [36]. The first type of NLCs is „imperfect typeB, in
which liquid and solid lipids are blended into several lipid
formations. Particular circumstances of crystallization generate
very disorganized matrix structures, that represent the gap be-
tween the triglycerides and the fatty acid chains in the crystals
and therefore extend drug capability to enter the matrix. The
second type is „non-shaped type B(with non-crystallinematrix).
These NLCs do not have a crystalline structure and therefore
prevent drug ejection. Here, crystals are formed during the
process of cooling and to prevent it, lipid mixtures should be
used. The third class is „multiple typeB, in which drug solubil-
ity in a liquid lipid is higher compared to the one in a solid lipid,
therefore it is used for protection against decomposition caused
by that solid lipid. Above-mentioned structure of NLC is com-
parable to w/o emulsions [37].

SLNs and NLCs provide several advantages, such as scav-
enging of lipophilic drugs, thereby increasing their retention
time, drug protection from enzymatic degradation in the eye,
adhesion to the surface of the eye and interaction with the
epithelium, all depending on their size, shape and surface
charge. Lipid components can reach the tear film’s lipid layer,
improving drug delivery, with increased drug bioavailability.
The surface composition of colloidal systems may affect their
affinity for the eye mucosa. It was observed that a positive
surface charge has beneficial effects in prolonging the reten-
tion time of emulsion drops on the epithelial layer of the cor-
nea. The preparation of lipid nanoparticles with cationic lipids
and surfactants promotes further electrostatic interactions with
the anionic layers of ocular tissue [38]. Studies of cytotoxicity
of SLNs and NLCs carried out on several cell lines proved that
they are well endured and do not irritate ocular tissue. The key
point of cytotoxicity research of NLCs is the used surfactant
and its characteristics. Hence, non-ionic surfactants need to be
chosen, since they provoke less toxic effects and irritation to
ocular tissue. On the other hand, nanoparticles have the ability
to provide and maintain the non-ionized drug form, when it is
in front of the pericorneal film, facilitating the transport
through the various eye barriers [37].

Tabular overview of different nanoparticle types with incor-
porated substances and related sources is presented in Table 1.

Table 1 Different nanoparticle types with incorporated substances and
related sources

Nanoparticle type Substance Related sources

nanospheres epinephrine [22]

poly-ɛ-caprolactone nanoparticles betaxolol [24]

PACA nanoparticles cyclosporine-A [24]

PLGA nanoparticles dexamethasone [28]
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4 Drugs incorporated into nanoparticles
in ocular drug delivery systems

Different ophthalmic drugs can be incorporated into polymer-
ic or lipid nanoparticles and which type of nanoparticles will
be chosen depends on their distinct characteristics.

4.1 Drugs incorporated into polymeric nanoparticles

Giannavola and associates prepared acyclovir-filled poly (d,l-
lactic acid) (PLA) nanospheres to study the influence of sur-
factant concentrations and polymer molecular weights on their
size and polydispersity index and to examine the differences
in bioavailability and therapeutic efficacy among nanoparti-
cles which were uncoated and coated with PEG and compared
with aqueous solutions (maximum concentration:
0,2 ± 0,1 μg/mL; area under the curve concentration – time
(AUC): 33,7 ± 10,3 μgh/mL). This study was carried out
using rabbit models. Acyclovir levels were observed for six
hours. With higher molecular weight of the used polymer,
nanosphere size and polydispersity index decreased (for
16.000 Da: 131,5 ± 0,3 nm and 0,112; for 109.000 Da:
92,5 ± 1,7 nm and 0,177; for 209.000 Da: 51,2 ± 0,1 nm
and 0,291, respectively). Zeta potential charge ranged from
−31,1 mV to −14,7 mV. Both formulations showed prolonged
release of acyclovir and were well tolerated, but coated nano-
particles showed greater efficacy (maximum concentration:
1,5 ± 0,1 μg/mL; AUC: 424,1 ± 24,1 μgh/mL) compared to
uncoated nanoparticles (maximum concentration:
0,9 ± 0,1 μg/mL; AUC: 235,6 ± 19,2 μgh/mL) [23].

Kao and associates developed pilocarpine-loaded chitosan/
carbopol nanoparticles (size of 294 nm). Properties and
prolonged-release effects of these nanoparticles were com-
pared to different ophthalmic formulations of pilocarpine, pri-
marily solutions and gels, using in vitro (dissolution test) and
in vivo tests (in rabbit models). The main reason for the
chitosan/carbopol combination is achieving the nanoparticle
stabilization by electrostatic interactions. Chitosan/carbopol
nanoparticles had the advantage of their biocompatibility, bio-
degradability and mucoadhesiveness and showed prolonged
release of pilocarpine when compared to other formulations,
as a function of time in simulated tear fluid at a pH of 7,4 and
at the temperature of 37 °C for 24 h (in vitro dissolution test)
and as a function of time at the temperature of 25 °C for 24 h
(in vivo rabbits’ pupil decrease), with following results: nano-
particles – AUC: 751,6 μgh/mL, gels – AUC: 324,7 μgh/mL,
solutions – AUC: 184,9 μgh/mL. Nanoparticles showed the
greatest drug bioavailability and can be considered as a prom-
ising ocular drug delivery system [39].

Yuan and associates developed polymeric nanoparticles
(size of 300 nm) prepared with chitosan and PLA and loaded
with rapamycin. Chitosan modified with cholesterol was used
as a stabilizer. Immunosuppressive effects of these

nanoparticles were observed. The median survival time of
the grafts was 27,2 ± 1,03 days. Half of the grafts survived
by the end of this study. This type of nanoparticles gave good
retention time and prolonged release of rapamycin using the
cornea of rabbits’ eyes as a model, as well as great immuno-
suppressive effects [40].

Motwani and associates formulated chitosan/sodium algi-
nate nanoparticles loaded with gatifloxacin. Nanoparticle
polydispersity index (0,325–0,489), zeta potential charge
(17,6–47,8 mV) and size (205–572 nm) were observed.
Sodium alginate used in ophthalmic formulations has a num-
ber of advantages, primarily biodegradability, biocompatibili-
ty and mucoadhesive properties. Results showed that
chitosan/sodium alginate nanoparticles had mucoadhesive
characteristics. Prolonged release of gatifloxacin over 24 h
was achieved (81–85%), which was confirmed by the method
of diffusion through the cell membrane, but with rapid drug
release in the first hour (10–12%) [41].

In the second study, gatifloxacin/prednisolone-loaded
Eudragit RS 100 and RL 100 nanoparticles were prepared.
Hyaluronic acid was used as a polymer. The molar ratio of a
drug and a polymer and the molar ratio of Eudragit RS 100
and RL 100 were observed. Nanoparticle size ranged from
315,2 to 973,65 nm. Drug-release efficacy decreased when
the polymer concentration increased as well as the molar ratio
of Eudragit RS 100 and RL 100. Encapsulation efficacy de-
creased when the molar ratio of a drug and a polymer in-
creased. Results of this study showed sustained drug release
for more than six hours (AUC: 54,75 ± 1,78 μgh/mL), while
the effects of commercial eye drops lasted about two hours
(AUC: 30,88 ± 1,51 μgh/mL). The authors of this study
(Ibrahim and associates) concluded that this type of strategy
increased pericorneal retention time and improved drug pen-
etration through the cornea [42].

Mahmoud and associates combined advantages of chi-
tosan with advantages of cyclodextrin, polyanionic poly-
mers and solubilizing agents for poorly water-soluble
drugs. These authors prepared chitosan/sulphobutyl
ether-ß-cyclodextrin nanoparticles filled with econazole
nitrate. Nanoparticle polydispersity index (0,16–0,64), ze-
ta potential charge (22–33 mV), size (90–673 nm) and
mucoadhesiveness were observed to investigate the influ-
ence of the chitosan molecular weight (150 and 360 Da).
Lower the molecular weight and viscosity of chitosan
were, higher was the ability to form smaller nanoparticles
(150 Da – AUC: 170 ± 6 μgh/mL; 360 Da – AUC: 127 ±
5 μgh/mL). Studies performed on rabbits showed that
these nanoparticles gave a prolonged release of econazole
nitrate and hence antifungal effects over a longer period
compared to the administration of the same drug dis-
solved in the solution, therefore its bioavailability when
incorporated into polymeric nanoparticles would be expo-
nentially increased [43].
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Nagarwal and associates developed chitosan-coated sodium
alginate/chitosan nanoparticles filled with 5-fluorouracil, sizes
from 329 to 505 nm. Firstly low zeta potential charge (7,5–
13,8 mV) increased because of the nanoparticle coating with
chitosan (18,5–28,9 mV). The influence of the molar ratio of
sodium alginate and chitosan on nanoparticle size and encap-
sulation efficacy was investigated. AUC values were 27,62
μgh/mL, 134,23 μgh/mL and 198,42 μgh/mL for mere 5-fluo-
rouracil, sodium alginate/chitosan nanoparticles and chitosan-
coated sodium alginate/chitosan nanoparticles, respectively. In
this study, nanoparticle coating with chitosan caused an in-
crease in their size, viscosity and mucoadhesiveness, compared
to uncoated nanoparticles. A study using rabbits’ eyes as a
model showed an increase of bioavailability of 5-fluorouracil
in the aqueous liquid of the eye and therefore an increase of its
therapeutic efficacy. The prolonged release was also achieved,
compared to 5-fluorouracil solution [44].

Bhatta and associates prepared lecithin/chitosan
mucoadhesive nanoparticles with natamycin. Nanoparticle size
was 213 nm with zeta potential charge of 43 mVand encapsu-
lation efficacy of 73,57%. Studies proved that drug release had
biphasic characteristics, firstly fast release which was followed
by a very slow, prolonged release. On the other hand, studies
performed on rabbits showed excellent mucoadhesive charac-
teristics that affect retention time. The retention time increased
1,47 times and clearance reduced 7,4 times compared to com-
mercially available suspensions. AUC values were
13.348,90 ± 1293,48 μgh/mL and 9047,35 ± 132,15 μgh/mL
for natamycin suspension and natamycin-loaded nanoparticles,
respectively. The authors concluded that the antifungal activity
of lecithin/chitosan mucoadhesive nanoparticles with
natamycin was comparable to natamycin suspension (the zone
of inhibition and MIC90 were similar or higher), but the main
advancement was the less frequent dosing need [45].

Gupta and associates presented two studies related to
PLGA nanoparticles filled with levofloxacin and sparfloxacin.
In both studies with rabbit models, due to the small size (180–
190 nm), zeta potential charge (−22 mV), encapsulation effi-
ciency (86,6%) and polydispersity index (0,238), there was a
long retention period on the surface of the eye and reduced
drug elimination compared to traditional formulations avail-
able on the market. These formulations allowed prolonged
drug release and exhibited good ocular tolerance. In two
hours, 37,8% of sparfloxacin was released from nanoparticles
compared to commercially available formulations (75,33%),
and in six hours, 57,13% (nanoparticles) compared to 96,7%
(commercially available formulations) [46]. Gupta and asso-
ciates developed PLGA nanoparticles with sparfloxacin,
which was dispersed into chitosan gel. These researchers
called the combination of nanoparticles and in situ gelation
systems „nanoparticle-filled in situ gelsB. Gelation took place
at a pH of 7,2. This study proved the influence of the small
size of PLGA nanoparticles (180 nm) on mucoadhesiveness,

improvement of penetration and pH response, due to the char-
acteristics of chitosan gel (it behaves as a penetration stimula-
tor). Results showed that nanoparticle-loaded in situ gel was
entrapped in the eye longer, promoting sustained drug release
and prolonged retention time, when compared to
nanosuspensions and in situ gels without nanoparticles [47].
In the second study, Gupta and associates prepared PLGA
nanoparticles with levofloxacin scattered into chitosan gel
(size: 199,3 ± 1,86 nm; polydispersity index: 0,344 ± 0,037).
Results were identical to those obtained in the previous study,
which showed that the combination of these two strategies
increased the bioavailability of these drugs [48].

4.2 Drugs incorporated into lipid nanoparticles

Drugs incorporated into lipid nanoparticles are ordinarily used
on the surface of the eye. Cavalli and associates made the SLN
nanosystem with tobramycin (size: less than 100 nm, polydis-
persity index: less than 0,2) for the ocular drug administration.
Rabbits were used as animal models. Characteristics of
tobramycin-loaded SLNs (size: 80 nm, polydispersity index:
0,12) were compared to the ones of fluorescent SLNs without
tobramycin (size: 70 nm, polydispersity index: 0,15). Tests
also showed prolonged drug release and prolonged retention
time over six hours (AUC: 155,08 ± 4,31 μgh/mL), compared
to shorter drug release of the same dose when using eye drops
(AUC: 37,19 ± 1,14 μgh/mL). Consequently, the bioavailabil-
ity of tobramycin was higher in the SLN system [49].

Attama and associates developed lipid nanoparticles con-
taining diclofenac sodium in combination with phospholipids,
with high encapsulation efficacy (61,7 ± 2,6%). Nanoparticle
size was around 100 nm and zeta potential charge around
−29,2 ± 0,5 mV. Penetration through the cornea of diclofenac
sodium and prolonged drug release were enhanced by the
nanoparticle surface-coating with phospholipids, which influ-
enced the efficacy of these formulations for ocular drug ad-
ministration [50].

Gökçe and associates made cyclosporine-A-filled SLNs
with Tween 80, Compritol 888 ATO and Poloxamer 188 as
surfactants. Nanoparticle size was 225,9 ± 5,5 nm with poly-
dispersity index of 0,253 ± 0,05, zeta potential charge of
−16,9 ± 0,7 mV and encapsulation efficacy of 95,6%. Both
in vitro and in vivo tests were carried out. Results showed that
the release of cyclosporine-Awas lipase-dependent. Different
results can be shown at different sterilization temperatures.
The temperature of 110 °Cwas more adequate for maintaining
the optimal nanoparticle size and polydispersity index, com-
pared to 121 °C. Tween 80 can cause cell deterioration by
leaking at the sterilization temperature of 121 °C. Cell reten-
tion tests and cytotoxicity tests carried out on the rabbits’
cornea showed that cyclosporine-A-filled SLNs were not
harmful and that permeation characteristics through the cornea
were improved (15–24%) [51].
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Araujo and associates prepared triamcinolone-filled NLCs
(size of 100–300 nm, polydispersity index of 0,1, zeta poten-
tial charge of 45 mV and encapsulation efficacy of 95%),
using Lutrol F 68 as a surfactant, squalene as a liquid lipid
and Precirol ATO 5 as a solid lipid, for the ocular drug appli-
cation. Tests did not show signs of ocular toxicity (mean total
score after the Draize test was zero) [52].

Baicalin-filled SLNs were prepared by Liu and associates.
Rabbits were used as animal models. Nanoparticle size was
91,42 ± 1,02 nm with zeta potential charge of −33,5 ±
1,28 mV and encapsulation efficacy of 62,45 ± 1,67%.
Studies showed that SLNs retained the drug better in ocular
tissue than baicalin solution, while achieving prolonged drug
release and higher permeation through the cornea. The ocular
irritation test was also performed, showing the average result
of zero and proving that these formulations are not irritating.
In pharmacokinetic studies, AUC of baicalin-filled SLNs
(0,1229 ± 0,0312 μgh/mL) was 4 times higher compared to
baicalin solution (0,0314 ± 0,0136 μgh/mL) [53].

Gonzales-Mira and associates made flurbiprofen-filled
NLCs, containing Miglyol 812 and castor oil as liquid lipids
and stearic acid as a solid lipid, to advance drug bioavailabil-
ity. Best NLC formulation with the molar ratio of stearic acid
to oils of 70:30 had a standard size of 228,3 nm, polydispersity
index of 0,156, zeta potential charge of −33,3 mVand encap-
sulation efficacy of 90%. They noted that these NLCs exhib-
ited prolonged drug release and that an ideal NLC never
shows toxicity to ocular tissue (mean total scores were 5 and
0,1 for NLCs and eye drops, respectively, with both formula-
tions classified as minimally irritant) [54].

Hao and associates developed chloramphenicol-filled SLNs
using Poloxamer 188 as a surfactant and glycerol monostearate
as a solid lipid. Nanoparticle size was around 248 nm with
polydispersity index of 0,277 ± 0,058, zeta potential charge
of −8,74 mV and encapsulation efficacy of 83,29% ± 1,23%.
Studies demonstrated fast release in the first stage, which was
followed by a sustained release for 48 h. The authors found
that chloramphenicol-filled SNLs should be further explored
as the ocular drug delivery systems with improved incorpora-
tion efficacy and controlled drug release [55].

Liu and associates prepared mangiferin-filled NLC formu-
lations for the potential cataract treatment using rabbits as
animal models. Nanoparticle size was 51,39 ± 3,53 nm with
polydispersity index of 0,25 ± 0,02, zeta potential charge of
−36,5 ± 1,5 mVand encapsulation efficacy of 88,10 ± 1,58%.
NLC formulations showed prolonged drug release
(mangiferin release of 96,52% from solution versus
mangiferin release of 25,92% in the first hour and 86,98%
after 12 h from NLCs) and 2,61–4,31 times the increase of
penetration through the cornea. Studies demonstrated great
ocular tolerance (irritation indicators were all zero,
consequently these NLCs were classified as non-irritant) and
extended drug retention on the surface of the eye (retention

time: 0,20 ± 0,31 h for solution and 3,50 ± 0,33 h for NLCs).
A pharmacokinetic study showed 5,69 times the enhancement
in bioavailability in the eye in comparison to mangiferin so-
lution (AUC: 0,11 ± 0,03 μgh/mL for solution and 0,62 ± 0,09
μgh/mL for NLCs) [56].

Hippalgaonkar and associates prepared indomethacin-
filled SLNs for its delivery to ocular tissue, using Compritol
888 as a lipid phase. Nanoparticle size was around 140 nm
with polydispersity index of 0,16, zeta potential charge of
−21mVand encapsulation efficacy of 72% before sterilization
at 110 °C and 149 nm, 0,17, −22 mVand 71% after steriliza-
tion at 110 °C. They showed a significant rise in drug stability
and drug permeability through the cornea compared to indo-
methacin solution (12,2 – 1,85*10−6 cm/s for SLNs and 2,74 –
0,49*10−6 cm/s for solution) [57].

Zhang and colleagues prepared genistein-filled Eudragit
RS 100-modi f ied NLCs. Nanopar t ic le s ize was
148,4 ± 1,38 nm with polydispersity index of 0,258 ± 0,02,
zeta potential charge of 5,12 ± 0,53 mV and encapsulation
efficacy of 91,6 ± 0,8%. They demonstrated 1,22 times greater
raise of AUC in comparison to regular NLCs (8696 ± 881,23
μgh/mL and 7155,11 ± 820,11 μgh/mL for modified NLCs
and regular NLCs, respectively). Eudragit RS 100 modifica-
tions increased zeta potential charge (−7,46 mV to 13,60 mV)
and also enhanced corneal penetration, resulting in 1,6–3,3
times the increase of permeability and also stability. The cy-
totoxicity test and the ocular irritation test confirmed that this
NLC type was neither irritating nor toxic for the corneal cells
(classified as non-irritant and non-toxic) [58].

To further enhance pericorneal retention time, the sur-
face of lipid nanoparticles filled with ofloxacin was coated
with chitosan. Ethanol was used as a cosurfactant with
0,75% chitosan, Tween 80 as a surfactant, oleic acid as a
liquid lipid and Compritol HD5 ATO as a solid lipid.
Rabbi t s ’ cornea was used as an animal model .
Nanoparticle size was 153,5 ± 2,38 nm with polydispersity
index of 0,188 ± 0,01, zeta potential charge of −4,63 ±
0,259 mV and encapsulation efficacy of 98,441 ± 0,023%.
Üstundag-Okur and associates noticed that these NLCs
stayed on the surface of the eye for 20–40 min. The max-
imum pericorneal retention time was 40–60 min.
Penetration rate of 23,872 ± 2349% and permeation rate
of 2928 ± 0,092% were also achieved [59]. In the second
study, the authors prepared NLC-based implants using
0,75% chitosan. They were added to the ofloxacin system
for the treatment of bacterial keratitis. Implants made with
glycerin as a plasticizer were optimal. Nanoparticle size
was 153,5 ± 2,3 nm with polydispersity index of 0,188
± 0,01 and zeta potential charge of −4,63 ± 0,259 mV.
The periocular retention time was improved up to 24 h
and the AUC value was 1,84 ± 0,1 μgh/mL. The maximum
drug concentration was nearly six times higher compared
to commercial formulations in conducted studies [60].
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5 Comparison between nanoparticles
investigated for the treatment of diseases
of different parts of the eye

Usually, eye diseases can be classified into two categories:
diseases of the anterior segment and diseases of the posterior
segment, therefore different drugs can be incorporated into
nanoparticles in order to improve the treatment of both types
of diseases.

5.1 Nanoparticles investigated for the treatment
of diseases of the anterior eye segment

The size of flurbiprofen-loaded PLGA nanoparticles creat-
ed using Poloxamer 188 as a stabilizer was 232,8–
277,6 nm with zeta potential charge of −24,48 - –
27,45 mV and encapsulation efficacy of 93,5–94,6%. It
showed fast initial drug release while providing gradual
drug release after. This approach showed an improvement
of anti-inflammatory effects after the addition of sodium
arachidonate for the inflammation induction, compared to
commercial flurbiprofen eye drops, in studies conducted
on eye inflammation models in rabbits. These formulations
were shown to be non-toxic and non-irritant (mean total
score was zero) and stable for six months [61].

Additionally, charged nanoparticles of flurbiprofen
with a size of 100 nm, polydispersity index of 0,26 and
zeta potential charge of 40–60 mV, created using Eudragit
RS 100 and RL 100, were investigated for their anti-
inflammatory effects and exhibited similar inhibitory im-
pact on the miotic feedback in the surgical trauma model
(after paracentesis in rabbits) with lower drug concentra-
tion in the conjunctiva and higher one in the aqueous
liquid, compared to eye drops. This action is credited to
an enhanced drug release and consequent passage in the
aqueous liquid of the eye. Such advances indicate a great
influence of colloidal nanoparticles on improving the bio-
availability of drugs like flurbiprofen. Different tests were
performed, such as stability tests (resulting in an opti-
mized formulation), in vitro dissolution tests (resulting
in controlled drug release) and toxicity tests (showing
that these formulations were non-toxic) [22].

In situ gel systems became a significant subject of research,
especially micellar supramolecular hydrogels, created with
PEG and cyclodextrin, that react to stimuli like pH, as well
as temperature- and ion-sensitive hydrogels. When a hydrogel
was spread on the surface of the eye, nanoparticles could come
out after blinking and then release drugs in an extended man-
ner, meaning these systems extend drug retention time on the
surface of the eye and achieve greater drug bioavailability.
These types of gels have thixotropic characteristics, are non-
irritant nor cytotoxic. As expected, a range of drugs that con-
tain nanobuffer could withstand blinking of the eye and stay

on the surface of the cornea for a couple of hours. This system
not only provided prolonged drug release but also improved
effectiveness in the treatment of corneal neovascularization in
rabbit animal models [62].

The corneal epithelium is proved to be a significant
permeation and penetration eye barrier, which can limit
the passage of particles tinier than 21 ± 11 nm into the
ocular area. In the early studies on the bovine eye with
its epithelium removed, chemically-dependent permeation
characteristics were tested on two groups of nanoparticles,
which had following characteristics: size of 21–45 nm
(thiolated), 27–54 nm (PEGylated 750 Da) and 43–64 nm
(PEGylated 5000 Da) and polydispersity index of 0,263–
0,332 (thiolated), 0,194–0,254 (PEGylated 750 Da) and
0,145–0,231 (PEGylated 5000 Da), but a different number
of thiol groups. Correlation between the stroma of the cor-
nea coated with collagen and these functional groups
concerning the nanoparticle size was a significant resis-
tance factor during the process of drug permeation and
penetration. Excelling absorption in the stroma of the cor-
nea was observed by PEGylating with PEG of higher mo-
lecular weight (5000 Da) compared to the one of molecular
weight (750 Da), but thiolated and PEGylated nanoparti-
cles with PEG of 750 Da were more adhesive so longer
retention on the surface of the eye was achieved [63].

5.2 Nanoparticles investigated for the treatment
of diseases of the posterior eye segment

Unlike diseases of the anterior part of the eye, diseases of the
posterior part of the eye most commonly occur in the retina.
Those include AMD, CNV, glaucoma, retinoblastoma and
posterior uveitis [64].

Numerous efforts were attempted to upgrade the drug
delivery process for the therapy of diseases of the posterior
part of the eye. Nanoimplants and hydrogels are a good
way to reduce the frequency of application. Light-
activated solutions prepared using polycaprolactone
dimethacrylate and hydroxymethylmethacrylate were suc-
cessfully produced and injected into rabbits’ eyes for the
therapy of CNV. After fast cross-linking activated by light,
solution could produce an in situ hydrogel for prolonged
bevacizumab release for 60 days. However, this system is
limited due to its toxicity. Natarajan and associates devel-
oped latanoprost-filled unilamellar nanovesicles (size of
54–100 nm), which could reduce intraocular pressure up
to 20% and achieve prolonged drug release for 120 days,
via a single subconjunctival injection. Controlled and
sustained release as well as high tolerability, stability and
safety of latanoprost were achieved. The results of these
studies encouraged the development of similar systems for
the treatment of glaucoma [65].
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6 Application of nanoparticles
in the treatment of specific eye diseases

6.1 Glaucoma

Glaucoma is a disease that leads to vision loss and even blind-
ness. New drugs are expected to improve patients’ adherence
and achieve higher bioavailability without creating any toxic
effects, compared to eye drops. The main goal in the treatment
of glaucoma is to reduce intraocular pressure and to maintain
it for several months, but also to protect patients’ sight [66].

Nanoparticles that pass through the mucus, after the appli-
cation on the surface of the eye, can improve drug efficacy in
the treatment of glaucoma. PAMAM/PLGA nanosystem was
developed for delivering brimonidine tartrate and timolol ma-
leate. Nanoparticle size was around 258 nm with polydisper-
sity index of 0,113–0,383 and zeta potential charge of
28,8 mV. It was proven to be non-toxic and not to induce
inflammation. Prolonged retention time, increased drug bio-
availability and controlled release were achieved, with both
drugs slowly releasing for five weeks. Compared to eye drops,
reduction of the intraocular pressure was maintained for four
days and was higher 18%, using rabbits as animal models.
Concentrations of both drugs were higher in the aqueous liq-
uid (7,8%) and cornea (1,4%) [67].

Brimonidine tartrate-loaded chitosan nanoparticles, pre-
pared with the sodium tripolyphosphate addition, may help
decrease the dosing frequency by achieving postponed drug
release in the treatment of glaucoma. The weight ratio of chi-
tosan and sodium tripolyphosphate (4:1, 5:1, 6:1) was critical
when discussing nanoparticle size (370,26 nm, 300,7 nm,
276 nm, respectively), polydispersity index (0,396, 0,383,
0,377, respectively), zeta potential charge (26,2 mV,
28,5 mV, 29,8 mV, respectively) and encapsulation efficacy
(48,51%, 41,29%, 37,08%, respectively). Initial drug release
lasted 45 min with 45% of a drug liberated, which was follow-
ed by a sustained release for four hours. This formulation was
shown to be non-irritant and safe, according to the results of
the Draize test. Intraocular pressure reduction was concluded
to be a result of the interaction of chitosan with mucin and
consequently the formation of a mucoadhesive coating, which
helped prolong the retention time and achieve sustained drug
release [68].

Methazolamide, which binds to calcium phosphate by ad-
sorption to its inorganic core, extended the duration of reduced
intraocular pressure (6 h for eye drops, 18 h for nanoparticles)
and this may be useful in the local treatment of glaucoma.
Rabbits were used as animal models. Nanoparticle size was
256,4 ± 31,1 nmwith zeta potential charge of −30,4 ± 2,2 mV.
Controlled drug release was achieved with 60% of a drug
liberated in the first 30 min and 99,4% in the next four hours.
The authors concluded that these nanoparticles depended on
passive diffusion to go through the corneal eye barrier. Having

extended retention time on the surface of the cornea would
also increase methazolamide bioavailability. These systems
were also very stable for six months [69].

The use of hyaluronic acid-modified chitosan nanoparticles
filled with timolol maleate and dorzolamide hydrochloride
can be promising for the treatment of glaucoma. Hyaluronic
acid combinedwith chitosan, which is a polycationic polymer,
improved mucoadhesive properties and provided controlled
ocular drug delivery. Nanoparticle size was 319,5–767,7 nm
with zeta potential charge of 15,4–33,3 mVand encapsulation
efficacy for dorzolamide hydrochloride of 83,7–86,7% and for
timolol maleate of 8,3–19,3%, based on the molar ratio of
chitosan and hyaluronic acid. Release studies showed that
45–50% of a drug was liberated in the first hour, continuing
with its slow, sustained release. The ocular irritation test in
rabbits showed that these formulations were non-irritant. The
reduction of intraocular pressure was greater (difference of 4–
5 mmHg) compared to commercially available solution [70].

Dorzolamide hydrochloride- and methazolamide-loaded
SLNs in the form of nanoemulsions reduced the dosing fre-
quency and enhanced the patients’ adherence, in comparison
to eye drops. Brimonidine tartrate-Eudragit nanoparticles
were proved to prolong drug release in vitro and effectiveness
of in vivo reduction of intraocular pressure. This could be used
for open-angle glaucoma therapy. Brimonidine tartrate-
nanoacids dissolved in the carbopolymer solution could de-
crease the frequency of dosing, thereby boost patients’ adher-
ence. SLNs with their surface modified with phospholipids
could be an effective approach of enhancing the bioavailabil-
ity of timolol maleate in the eye. Acetazolamide-filled cationic
nanoemulsions were proved to be a better option for the ther-
apy of glaucoma in comparison to neutral-charged and anionic
nanoemulsions. Nanoemulsions of dorzolamide hydrochlo-
ride exhibited substantial physical and chemical characteris-
tics and were non-irritant. Nanoemulsions could be a very
good way to treat glaucoma [71].

6.2 Corneal diseases

SLNs developed with Compritol and stearic acid were con-
firmed to be a great ocular drug delivery system, taking into
account smaller nanoparticle size, nanoparticle stability and
physiologically tolerable components. Flurbiprofen-
incorporated PLGA nanospheres improved drug concentra-
tion in the eye. Cyclosporine-A-filled or fluorescein-labeled
nanoparticles consisting of Miglyol 840 and Precirol ATO 5
as liquid lipids were also developed. Indomethacin-chitosan
nanoemulsions showed better healing of the corneal chemi-
cal ulcers in the internal ocular tissue, thus increasing the
efficacy of drug delivery. Fluorescent nanoparticles with a
positive charge displayed excellent penetration and perme-
ation capability in the internal ocular tissue. Baicalin-SLN
could carry larger drug amounts and reduce eye irritation.
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High baicalin concentration was detected in the aqueous
liquid of the eye. Polymeric suspensions of nanoparticles
filled with diclofenac sodium showed prolonged release
and non-irritating effects on the cornea and the iris and there-
fore could be a suitable drug carrier. PLGA-coated-PEG
nanospheres which incorporated flurbiprofen penetrated
through the corneal epithelium via the transcellular path-
ways. Fluorescent (fluoresceinamine) hyaluronic acid/
chitosan nanoparticles were resuspended in nanobuffer and
then also proved to be biocompatible [71].

6.3 Corneal neovascularization

Corneal neovascularization is a condition that compromises
vision and is linked to eye surface conditions. Plasmids deliv-
ered by nanoparticles (size of 270,2 nm) that exhibit Flt23k
(anti-vascular endothelial-growth factor (VEGF) intraceptor,
that blocks VEGF and reduces leukocyte infiltration and mac-
rophage migration), applied via subconjunctival injection in
mice as animal models, had significant effects on the reduc-
tion of corneal neovascularization and lymphangiogenesis,
especially when they were taken with steroids (triamcino-
lone). The graft survival rate in two months was about 20%
without steroids and 91,6% with steroids [72].

Nanoparticles with a core-frame system filled with VEGF
were effective when it came to the new blood vessel formation
and were used in the studies regarding anti-inflammatory ef-
fects and antiangiogenesis. Celastrol-filled PEG-block-
polycaprolactone polymeric nanomicelles (size of 48 nm)
were planned to boost the solubility of celastrol and signifi-
cantly inhibit the induction of neovascularization of the cor-
nea. They evinced drug release in two phases: initial fast phase
followed by a slow and prolonged one. These nanosystems
reduced the area of corneal neovascularization by inhibiting
leukocyte infiltration, macrophage migration and VEGF ex-
pression in rats, from 7,71 mm2 to 2,29 mm2 [73].

6.4 Autoimmune uveitis

Autoimmune uveitis is a condition that attacks the posterior
eye parts. A more effective drug delivery way was used in the
treatment of autoimmune uveitis but with less adverse reac-
tions. Nanoparticles allow nonsteroidal anti-inflammatory
drugs (e.g. indomethacin) to reach the internal ocular struc-
tures, via the transmucosal pathways [74].

Therapeutic effects of betamethasone phosphate encap-
sulated with biodegradable PEG-block-PLA copolymers
and PLA homopolymers (size of 120 nm) in rats in which
autoimmune uveoretinitis was induced by S-antigen pep-
tide were the reduction of clinical outcomes in one day
with maintenance for two weeks (40% reduction of in-
flammation) and the decrease of inflammatory cytokine
levels in the retina. Betamethasone phosphate was

concentrated in rats’ retina from 24 to 72 h. This treat-
ment prolonged blood circulating while also providing
delayed betamethasone phosphate release [75].

Nanoparticles prepared by sialyl-Lewis X conjugated lipo-
somes (size of 103 nm) in the targeted drug delivery systems
using mice as animal models showed selective targeting of
autoimmune uveoretinitis. Accumulation took place in five
minutes and was inhibited by the anti-E-selectin antibody.
This could lead to new therapeutic strategies in the treatment
of intraocular inflammation, because these systems showed
two times the increase of dexamethasone concentration in
the retina (6,67 ± 0,32 ng/mg) [76].

6.5 Age-related macular degeneration

PEGylated liposome-protamine-hyaluronic acid nanoparticles
filled with siRNA will be a promising type of treatment for
AMD. Cerium oxide in intravitreal injection inhibited the ap-
pearance of reactive oxygen species and the production of
neovascular lesions in intraretinal and subretinal layers when
incorporated into nanoparticles. This could be used as a po-
tential treatment of neurodegenerative diseases such as AMD
and diabetic retinopathy [71].

Mice model was used in the research of the ceramide
part in the retinal deterioration. This is a proapoptotic
sphingolipid, therefore the possibility of reducing the pho-
toreceptor loss by interrupting its signaling pathways was
also an important dilemma. While the photoreceptor loss
was at its maximum, ceramide concentration in the retina
enhanced. Intraocular injection of SLNs filled with
myriocin stabilized ceramide concentration in the retina
and hence prevented further photoreceptor loss. This kind
of prolonged treatment delayed the progress of retinitis
pigmentosa. SLNs could facilitate the continuous, non-
invasive retinitis pigmentosa therapy, especially with hy-
drophobic drugs and allow a higher survival rate of photo-
receptors, preserve their morphology and the retina’s abil-
ity to respond to light [77].

6.6 Choroidal neovascularization

Choroidal neovascularization originating from AMD could
be treated by injecting nanoparticles of biodegradable
polymers. Intravitreal injection of basic fibroblast-growth
factor-impregnated nanoparticles prevented the degenera-
tion of photoreceptors by inhibiting apoptosis in the rats’
retina. Intravitreal injections were suitable for the treatment
of CNV [71].

Tabular overview of different treatment applications of
nanoparticles with incorporated substances and related
sources is presented in Table 2.
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7 Conclusion

In the past few decades, nanoparticles have received consid-
erable attention in the research of the drug distribution path-
ways and scientists have sought to prepare drug-filled nano-
particles for the transfer to anterior and posterior parts of the
eye. Conventional drug delivery formulations have proven
their efficacy in the therapy of anterior eye part diseases, but
are less powerful in the therapy of posterior eye part diseases,
even after frequent dosing. Therefore, nanoparticles represent
candidates for ocular use, because they do not irritate the eye
due to their small size. Avoiding frequent use of drugs can also
be achieved this way, because of the prolonged release of a
drug from nanoparticles. Nanoparticles have also been suc-
cessfully researched for drug delivery to the posterior eye
segment, and that is a very significant discovery. Application
of nanoparticles in the ocular delivery of drugs allows over-
coming existing barriers when it comes to formulating dosage
forms, which then allows prolonged retention of a drug in the

eye with the use of smaller doses and provides better drug
effects and greater patients’ compliance. Nanoparticles can
be used in the therapy of different eye diseases and, with
adequate formulations, their permeability characteristics for
targeted delivery of drugs to the posterior parts of the eye
can be exploited. Studies that have been carried out so far
relate to the use of nanoparticles for the drug delivery to the
eye on in vivo and in vitro models of rabbits and mice and
further studies are needed to demonstrate the possibility of
human application.

Some of the most recent research carried out regarding the
application of nanoparticles in ocular drug delivery systems
are discussed in the following content.

Nanoscale-dispersed eye ointments (NDEO) were devel-
oped for dry eye condition treatment, using mice models. A
mixture of lipid liquids (medium-chain triglycerides; MCT)
and semi-solid lipids (lanolin or petrolatum) was dispersed
in the polyvinyl pyrrolidone solution. MCT nanoemulsion
was formed with that lipid mixture captured in it. The particle

Table 2 Different treatment applications of nanoparticles with incorporated substances and related sources

Treatment application Nanoparticle type - Substance Related sources

glaucoma PAMAM/PLGA nanoparticles - brimonidine tartrate [67]

glaucoma PAMAM/PLGA nanoparticles - timolol maleate [67]

glaucoma chitosan-modified nanoparticles - brimonidine tartrate [68]

glaucoma calcium phosphate-modified nanoparticles - methazolamide [69]

glaucoma hyaluronic acid-modified chitosan nanoparticles - timolol maleate [70]

glaucoma hyaluronic acid-modified chitosan nanoparticles - dorzolamide hydrochloride [70]

glaucoma SLNs nanoemulsions - dorzolamide hydrochloride [71]

glaucoma SLNs nanoemulsions - methazolamide [71]

glaucoma Eudragit nanoparticles - brimonidine tartrate [71]

glaucoma nanoacids - brimonidine tartrate [71]

glaucoma SLNs with their surface modified with phospholipids - timolol maleate [71]

glaucoma cationic nanoemulsions - acetazolamide [71]

glaucoma nanoemulsions - dorzolamide hydrochloride [71]

corneal diseases chitosan-modified nanoemulsions - indomethacin [71]

corneal diseases PLGA nanospheres - flurbiprofen [71]

corneal diseases fluorescein-labeled nanoparticles - cyclosporine-A [71]

corneal diseases SLNs - baicalin [71]

corneal diseases polymeric suspensions of nanoparticles - diclofenac sodium [71]

corneal diseases PLGA-coated-PEG nanospheres - flurbiprofen [71]

corneal neovascularization nanoparticles that exhibit Flt23k - plasmids [72]

corneal neovascularization nanoparticles with a core-frame system - VEGF [73]

autoimmune uveitis polymeric nanoparticles - indomethacin [74]

autoimmune uveitis biodegradable PEG-block-PLA copolymers and PLA
homopolymers - betamethasone phosphate

[75]

autoimmune uveitis nanoparticles prepared by sialyl-Lewis X conjugated liposomes [76]

age-associated macular degeneration PEGylated liposome-protamine-hyaluronic acid nanoparticles - siRNA [71]

age-associated macular degeneration nanoparticles (intravitreal injection) - cerium oxide [71]

age-associated macular degeneration SLNs - myriocin [77]

choroidal neovascularization nanoparticles (intravitreal injection) - fibroblast-growth factor [71]
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size of 100 nm allowed that lipid mixture to stick to and stay
inside the conjunctiva. The advantages of this formulation are
better stability when stored at 4 °C, no cytotoxicity signs to the
RPE, a positive correlation with a higher concentration of lipid
mixture and moisturizing and lubricating effects, when com-
pared to artificial polymer-based tears. This nanosystem was
proved to be more effective for the ocular delivery of lipophil-
ic drugs, especially because the occurrence of eyelid adhesion
and blurred vision were reduced [78].

Cubosomes were developed as liquid nanocrystalline struc-
tures, consisting of the amphiphilic lipids with the carbon
chain. Compared to liposomes, they had higher physicochem-
ical stability, which was caused by electric repulsions. Their
microstructure was similar to the structure of the cell mem-
brane, which provided enhanced drug permeation, while their
loading-ability was attributed to the high-surface lipid bilayer.
They were investigated in the treatment of glaucoma, using
rabbit models. They were made up of pilocarpine nitrate with
Poloxamer 407 and glycerol monoolein. Compared to eye
drops, cubosomes demonstrated higher transcorneal flux
(about two times), prolonged retention time (about two times)
and a more effective reduction of intraocular pressure (about
50%). Cubosomes were also made up of timolol maleate with
Poloxamer 407 and glycerol monoolein, also with rabbit
models. They demonstrated higher permeation through the
cornea (about 3,5 times), prolonged retention time (about
two times) and a more effective reduction of intraocular pres-
sure (about 36%) [79–81].

Gene therapy is a promising alternative for the treatment of
different eye conditions. Chitosan-DNA nanoparticles had the
appropriate size (98,2 ± 4,4 nm) and positive zeta potential
charge (44,1 ± 3,5 mV), therefore they were adequate to be
used in this type of treatment [82]. Oligodeoxynucleotides
could be incorporated into PLGA nanoparticles and
transported to the cornea due to the polymer erosion. Hybrid
nanoparticles composed of cationic gelatin and polyanions,
such as chondroitin sulphate and dextran sulphate, reduced
the in vitro toxicity, providing both safety and effectiveness
[83]. Nanosystems could also be formed as hyaluronic acid-
chitosan nanoparticles as gene therapy carriers [84].

Leucaena leucocephala galactomannan (LLG) was used in
the development of polymeric nanoparticles (size of
199,7 ± 9,84 nm, polydispersity index of 0,342, zeta potential
charge of −26,5 mV and encapsulation efficacy of
75,5 ± 3,74%) of bioadhesive properties filled with
dorzolamide hydrochloride. Amine and carboxymethyl deriv-
atives of LLG were used for their preparation. As a result,
transcorneal permeation studies and release studies displayed
higher permeation through the cornea, compared to the con-
ventional formulation (87,88% and 65,54%, respectively).
These nanoparticles reduced the intraocular pressure for a lon-
ger period than conventional formulation (23,97% and
22,61%, respectively) [85].

Redox autoregenerative nanoparticles coated with PEG-
PLGA were also developed. An animal model used in this
study was rats with induced diabetic cataracts. These nanopar-
ticles were applied by subconjunctival injection. As an anti-
oxidant, they can protect epithelial cells from oxidative stress,
because they can eliminate reactive oxygen species. They can
also suppress α-crystallin glycation, because of their role as a
glycation inhibitor. The lens is therefore kept transparent. In
conclusion, these nanosystems could be a great alternative for
the treatment of diabetic retinopathy and diabetic cataracts
[86].

Prednisolone acetate was incorporated into the nanoparticles-
loaded gel. This system was prepared by the method of com-
plexation of sodium deoxycholate and chitosan (5:1), loaded
with this poorly water-soluble drug. An animal model used in
this study was guinea pigs.When themolar ratio of chitosan and
sodium deoxycholate was lower, nanoparticle size decreased
from 976 ± 43 nm to 480 ± 28 nm and polydispersity index
increased from 1285 to 1396. When polyvinyl alcohol was in-
cluded in the preparation, smaller nanoparticles were formed:
462 ± 19 nm with polydispersity index of 0,942 and 321 ±
22 nm with polydispersity index of 0,454, for the preparation
of this nanosystem without and with polyvinyl alcohol, respec-
tively. The interaction between sodium deoxycholate and chito-
san was detected, but not between these components and pred-
nisolone. Drug release had biphasic characteristics, with an av-
erage of 98,6% of a drug released in 24 h [87].

Surfactant-based nanovesicles were incorporated into
mucoadhesive nanogel for the ocular delivery of acetazol-
amide. The molar ratio of sorbitan monostearate and sodium
deoxycholate was 80:20, with the particle size of 202,9 nm,
zeta potential charge of −38,1 mVand encapsulation efficacy
of 90,2%. Nanogel composed of 1,5% chitosan showed opti-
mal rheological behavior, adhesion time and viscosity (thixo-
tropic characteristics, 290 min and 118,246 cP, respectively).
Drug release was controlled, with 12% of acetazolamide re-
leased in the first hour, 52,9% in the following five hours with
the cumulative release of 64,9%. After six hours, 38,3% of a
drug was released from the nanogel. In comparison to acet-
azolamide suspension, the results of the ocular irritation test
showed minimal irritation. Nanogel also prolonged the effect
of the reduced intraocular pressure, compared to acetazol-
amide tablets [88].

Lutein ester is a poorly water-soluble carotenoid fatty acid
ester. It is used in the prevention and treatment of AMD.
Lutein ester nanoparticles were prepared to enhance its bio-
availability and ocular delivery. Deionized water was used as
an antisolvent, Poloxamer 188 as a surfactant and tetrahydro-
furan as a solvent. The size of nanoparticles containing lutein
ester was around 164,1 ± 4,3 nm. The dissolution rate and the
solubility of lutein ester in these nanoparticles were 9,65 and
12,75 times higher compared to the raw ester, respectively. Its
bioavailability increased 1,41 times when incorporated into
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nanoparticles compared to the raw ester, as well as the antiox-
idant capacity and scavenging performance (3,31 times
higher). When rats were used as an animal model, lutein con-
centration was higher in rats treated with lutein ester nanopar-
ticles compared to its concentration in rats treated with the raw
ester, with the maximum increase of 2,34 times [89].

All of the above-mentioned recent studies showed promis-
ing results, but further research has to be carried out to realize
how to prevail all of the risk factors of the use of nanoparticles
in ocular drug delivery, but also how to make the most of all of
their assets.
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