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ABSTRACT

Glaucoma is the second leading cause of
blindness worldwide. Even though significant
advances have been made in its management,
currently available antiglaucoma therapies suf-
fer from considerable drawbacks. Typically, the
success and efficacy of glaucoma medications
are undermined by their limited bioavailability
to target tissues and the inadequate adherence
demonstrated by patients with glaucoma. The
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latter is due to a gradual decrease in tolerability
of lifelong topical therapies and the significant
burden to patients of prescribed stepwise
antiglaucoma regimens with frequent dosing
which impact quality of life. On the other hand,
glaucoma surgery is restricted by the inability of
antifibrotic agents to efficiently control the
wound healing process without causing severe
collateral damage and long-term complications.
Evolution of the treatment paradigm for
patients with glaucoma will ideally include
prevention of retinal ganglion cell degeneration
by the successful delivery of neurotrophic fac-
tors, anti-inflammatory drugs, and gene thera-
pies. Nanotechnology-based treatments may
surpass the limitations of currently available
glaucoma therapies through optimized targeted
drug delivery, increased bioavailability, and
controlled release. This review addresses the
recent advances in glaucoma treatment strate-
gies employing nanotechnology, including
medical and surgical management, neurore-
generation, and neuroprotection.
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Key Summary Points

This article offers a comprehensive review
of nanotechnology-based treatments for
patients with glaucoma.

Nanotechnology-based drugs will probably
be incorporated into the arsenal of glaucoma
specialists in the near future, allowing
benefits such as reduced side effects, and less
frequent dosing, among others.

Toxicity issues related to nanotechnology-
based treatments have yet to be addressed
to test their safety.

Further human studies in nanomedicine for
glaucoma treatment are needed until this
promising pharmacological innovation
becomes available in the ophthalmologist’s
daily therapeutic practice.

INTRODUCTION

Glaucoma is the second leading cause of blind-
ness worldwide [1, 2] and the most frequent cause
of irreversible blindness. Indeed, the World
Health Organization estimates that 5.2 million
cases of blindness are a result of glaucoma (15% of
the total burden of world blindness) [3]. Glau-
coma is often characterized by elevated intraoc-
ular pressure (IOP), caused predominantly by
blockage of the outflow system leading to the
progressive death of retinal ganglion cells (RGCs)
and resulting in optic neuropathy [4].

The main goal of virtually all glaucoma
therapies today is to reduce IOP by either sup-
pressing aqueous synthesis or by enhancing
trabecular meshwork (TM) and uveoscleral
outflow of aqueous humor [5-7]. Other pro-
posed modalities for the treatment of glaucoma
include laser [8], surgery [9], and non-IOP-de-
pendent therapies such as neuroprotection [10].

Recently, research has focused on nanopar-
ticles and their unique properties, which can
provide a platform to surpass the limitations of

traditional glaucoma therapies. Although some
reviews have been published [11-15], we aimed
to expand available evidence and provide a
comprehensive summary of recent advances in
nanotechnology-based antiglaucoma therapies
with a focus on the following topics: hypoten-
sive drugs, wound healing modulation, neuro-
protection, and neuroregeneration.

Figure 1 summarizes the main therapeutic
targets in glaucoma treatment according to
their anatomical location. Importantly, all of
them could benefit from nanotechnology-based
strategies.

TARGETING INTRAOCULAR
PRESSURE REDUCTION

Elevated IOP is considered the key risk factor for
optic nerve damage in glaucoma, and most
patients benefit from IOP-lowering therapies [16].
Despite the evidence that factors other than IOP
are involved in the pathogenesis of glaucoma
[17, 18], current treatment algorithms are based
on decreasing IOP. First-line glaucoma therapy
typically starts with eye drops that lower IOP by
two mechanisms: suppression of aqueous humor
production (beta-blockers, alpha-agonists, and
carbonic anhydrase inhibitors) or increase of
aqueous humor outflow though the trabecular or
uveoscleral pathways (pilocarpine, epinephrine,
or prostaglandin analogues) [19]. In patients
where topical medications are not sufficient to
control IOP, laser or surgery can be indicated. We
will discuss both treatment strategies in the sce-
nario of recent advancements in nanomedicine.
This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by any
of the authors.

DRUG DELIVERY ROUTES,
FEATURES, AND LIMITATIONS
OF CURRENT GLAUCOMA
MEDICAL THERAPY

Although medical therapy of glaucoma is
effective, it relies on a delivery system that is
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Fig. 1 Glaucoma therapeutic strategies and nanotechnology-based potential applications

generally inefficient and presents several draw-
backs. First, eye drops have to be administered
1-3 times daily, which is frequently associated
with suboptimal use and lack of adherence [20].
This is a more pronounced issue in the elderly
population that is predominantly affected by
glaucoma [21]. A previous report showed that
60% of patients expressed one or more prob-
lems with taking their glaucoma medications,
which results in a decreased adherence to long-
term therapy [22]. Furthermore, following
instillation, the bioavailability of topical glau-
coma medications in the anterior chamber is
very low [23]. Typical aqueous humor bioavail-
ability of a drug following the administration of

eye drops ranges from 1% to 10% in animal [24]
and human studies [25]. This is due to the var-
ious physiological barriers to drug penetration
into the eye [26].

There are two routes that control and influ-
ence the absorption of topically administered
medication: the corneal and the non-corneal
routes. Small molecules with a hydroxyl group
have high corneal permeability, favoring the
corneal route [27]. The trajectory of the drug
molecules starts with their passive diffusion via
the corneal epithelium, through the stroma and
endothelium into the anterior chamber, where
the drug will carry out its pharmacological
action [28] or will bind to melanin in the ciliary
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body and iris [29], or plasma proteins [30],
which prolongs its half-life.

The remaining drug and drug metabolites
will be removed via the trabecular meshwork
through Schlemm’s canal into the systemic
bloodstream (conventional route), or via the
uveoscleral route (unconventional outflow).
Both of these pathways lead to the systemic
blood circulation [31]. The “unconventional”
route that includes the ciliary muscle, supracil-
iary and suprachoroidal spaces, may drain
aqueous humor and/or drugs and their
metabolites through two possible pathways: a
uveovortex pathway where they enter the
choroid to drain through the vortex veins, and a
uveoscleral pathway where they pass across the
sclera to be resorbed by orbital vessels [32]. In
addition to these two routes, there is a third
route, the “uveolymphatic pathway”, defined by
Yiicel et al. to describe a novel pathway for
aqueous humor drainage through lymphatic
channels in the human ciliary body, which can
become a novel target for glaucoma treatment
[33-35]. Drug penetration in the iris and diffu-
sion via the aqueous humor flow occurs with a
small portion of the drug (depending on the
molecular weight and lipophilicity). Drug con-
centrations in the vitreous will be 10-100 times
lower than in the aqueous humor and cornea,
respectively [27].

The so-called non-corneal absorption route is
preferred by drugs with low corneal permeabil-
ity, such as proteins and large molecules. These
large compounds penetrate the eye via the
conjunctiva and/or sclera [36, 37]. This route
delivers drugs to the vitreous via passive diffu-
sion and allows 20 times lower drug concen-
tration in the anterior chamber compared to the
corneal route [38]. However, the conjunctiva
and underlying sclera are more permeable and
have a higher surface of absorption for the
bloodstream than the cornea [39]. Furthermore,
some hypotensive topical drugs, such as timolol
and betaxolol, have been shown to accumulate
in Tenon's capsule, periocular tissues, and sclera
of normal cynomolgus monkeys, and of glau-
comatous patients under long-term topical
therapy [40, 41]. These findings indicate that
periocular accumulation of certain medications
could provide differentiated access to the

posterior segment and proximal vasculature of
the eye.

Systemic absorption of topical medications
can lead to systemic side effects such as
hypotension, bronchospasm, and bradycardia
(beta-blockers), or dry mouth and fatigue (al-
pha-agonists) [19]. Prostaglandin analogues are
prodrugs which have the advantage of being
cleaved to their active forms inside the eye,
thereby minimizing side effects in nontarget
organs [42].

There are numerous ongoing studies aimed
at offering neuroprotective or neuroregenera-
tive treatments [16], but clinical trials have been
unsuccessful in the past at demonstrating their
effectiveness in preventing glaucoma progres-
sion [43-45]. One of the main challenges of this
approach has been how to allow access of the
drug to the back of the eye, where the optic
nerve and RGCs reside. There are two pathways
to allow drugs to reach these posterior struc-
tures: crossing the vitreous and the inner lim-
iting membrane of the retina, or accessing the
retina through the vascular system. Intravitreal
injections allow direct access to the vitreous
cavity and bypass this barrier, but increase the
risk for serious ocular adverse events, such as
endophthalmitis [46]. The intravenous route is
accompanied by systemic side effects and is
particularly problematic since drugs must cross
the blood-retinal barrier to reach the target
tissue [47].

To overcome the multiple limitations of
current medical antiglaucoma treatments, the
development of safer and more efficient drug
delivery systems is imperative. These attributes
may be reached through the use of nanomedi-
cine, which may improve solubility, reduce tis-
sue irritation, prolong shelf life, and provide
dose accuracy, sustained release, targeted
delivery, and bioavailability [12].

Even though nanoparticulate systems can
potentially improve drug bioavailability of the
active loaded ingredients, they can also be
selectively removed more or less quickly from
the target organ by conventional, uveoscleral,
and uveolymphatic routes, depending on the
direct uptake of the nanoparticle, and their
physicochemical specificities. Therefore, further
pharmacokinetic studies specific for each
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nanosystem employed for therapeutic purposes
will be required.

ROLE AND VALUE
OF NANOPARTICLES

Nanoparticles (NPs) are tiny structures most
commonly spherical in shape with sizes in the
nanometer range (1-100 nm). As a result of
their minuscule size, nanoparticles can bypass
biological barriers, providing drug access
directly to the target cells [48]. Moreover,
smaller nanoparticles have a higher drug-load-
ing capacity than the larger ones, owing to their
higher surface area [49].

NPs are utilized in a wide range of shapes
such as nanoemulsion [50], liposomes [51],
dendrimers [52], nanospheres [S3], hydrogels
[54], nanocrystals [55], cyclodextrins [56], nan-
odiamonds [57], microspheres [58], niosomes
[59], nanofibers [60], and nanocapsules [61].
Figure 2 shows a schematic representation of
various nanoparticles mentioned throughout
this article.

NPs can be designed to enhance active
compound penetration [62] and drug targeting
[63] and to promote controlled release [64].
Currently, NPs are generally made from sundry
materials including polymers, lipids, and met-
als. Lipid and polymer NPs may be employed
successfully to carry drugs [65], isolate their
contents from degradation, and regulate their
release [66]. Metallic NPs have specific physic-
ochemical properties that serve both diagnostic
[67] and therapeutic purposes [68, 69]. Injected
nanoparticles accumulate in the liver and
spleen and are mostly eliminated by the retic-
uloendothelial system soon after administra-
tion. It is, however, possible to employ a coating
that can prevent opsonization and recognition
of NPs by the macrophages. Indeed, NPs may be
covered by extra layers to achieve special ther-
apeutic properties, to reduce side effects, or to
increase solubility [70]. Engineered NPs may be
created to help the molecule to find its target.
For instance, docetaxel and ketoconazole loa-
ded in solid lipid nanoparticles had their surface
modified with folic acid to improve brain tar-
geting [71]. Another example is hyaluronic acid-

modified lipid—polymer hybrid NPs, which were
designed to improve the ocular bioavailability
of hydrophilic moxifloxacin hydrochloride, in
order to prolong precorneal retention, and
enhance its corneal permeability and ocular
bioavailability [72].

The selection of the appropriate system
depends on the target tissue, route of adminis-
tration, and the characteristics of the drug to be
incorporated into the NPs (size, stability,
hydrophobicity, etc.). However, there are com-
mon physicochemical properties that all
nanosystems must possess, such as biocompat-
ibility, biodegradability, absence of toxicity,
and stability, which can provide effective and
safe pharmacological action, better than those
obtained by traditional drug formulations.

EMERGENCE OF NANOMEDICINE
FORMULATIONS IN GLAUCOMA

Several drugs traditionally employed in glau-
coma treatment, e.g., timolol, carteolol, bri-
monidine, pilocarpine, brinzolamide,
bimatoprost, travoprost, and latanoprost [73],
have been investigated in nanomedicine for-
mulations [11, 12, 15]. We emphasize here that
all of these formulations are still under investi-
gation and are not currently approved for clin-
ical use. In the following pages, we describe
nanosystems loaded with the most utilized
drugs for the treatment of glaucoma.

Pilocarpine

Pilocarpine has by and large been avoided by
ophthalmologists because of several undesirable
adverse effects, most of which are due to its
non-selective ocular and systemic action as a
muscarinic receptor agonist: intense miosis,
ocular irritation, myopic shift, bronchial mucus
secretion, bronchospasm, vasodilation, brady-
cardia, excessive salivation, sweating, and diar-
rhea. Pilocarpine has been used in a nitrate or
hydrochloride pharmaceutical formulation,
usually at a 0.5-4% concentration administered
four times daily because of the short duration of
action. When administered as a solution, it has
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a reasonable water solubility, which shortens
the residence time of aqueous solutions in the
eye. Hence, the real obstacle with pilocarpine
solutions has been its very low ocular bioavail-
ability (0.1-3%) [74, 75] arising from its poor
lipophilicity.

Research efforts have been devoted to opti-
mizing the activity and tolerability of pilo-
carpine [76]. Many nanosystems have been tried
in order to improve pilocarpine’s bioavailabil-
ity, solubility, and stability and to extend its
pharmacological activity [77]. Table1 shows
examples of pilocarpine nanoparticulate drug
delivery systems.

Timolol Maleate

Timolol maleate is a non-selective beta-adren-
ergic blocker that acts by inhibiting the beta-
adrenergic receptors in the ciliary body epithe-
lium, promoting the reduction of aqueous
humor production and resulting in decreased
IOP [87]. The hydrophilic nature of timolol
maleate leads to slow corneal diffusion and low
bioavailability [88]. Timolol maleate absorption
from the eye into the systemic circulation, via
nasolacrimal drainage, causes systemic adren-
ergic beta-blockage and high incidence of res-
piratory and cardiovascular side effects [89]. To
improve the pharmacological features of timo-
lol maleate, it is necessary to enhance its cor-
neal penetration and reduce systemic
absorption, which may be attained by the use of
nanocarriers. Table 2 shows examples of timolol
maleate-loaded nanoparticulate drug delivery
systems.

Carbonic Anhydrase Inhibitors

Carbonic anhydrase (CA) is a generic denomi-
nation to designate several isoenzymes dis-
tributed in diverse proportions in the various
tissues responsible for catalyzing the reversible
hydration of carbon dioxide [104]. In the eye,
CA is a key enzyme in aqueous humor produc-
tion. Nonpigmented ciliary epithelial cells are
the site of aqueous humor secretion, where two
CA isoenzymes (CA-II and CA-IV) are the pre-
dominant forms. The inhibition of CA activity

in the ciliary processes promotes decreased
aqueous humor secretion and consequently
leads to lowering of the IOP [105]. CA-II is
considered the most relevant intracytoplasmic
isoenzyme responsible for aqueous humor
secretion [106]. Therefore, selective pharmaco-
logical inhibition of CA-II to achieve an ocular
hypotensive effect is the objective in the treat-
ment of glaucoma [106].

Three different CA inhibitors (CAI) mole-
cules, all of them sulfonamide derivatives, are
currently used in clinical practice to reduce
elevated IOP in glaucoma. Acetazolamide is
administered orally, and dorzolamide and
brinzolamide are both administered topically
[107]. Acetazolamide is a compound that
indiscriminately inhibits most of the CA iso-
zymes (CA-I, CA-II, CA-1V, CA-VA, CA-VB, CA-
VII, CA-XIII, and CA-XIV) present in other
organs than the eye [108-110], and although
systemically administered acetazolamide is very
effective as an intraocular hypotensive agent,
the non-selective inhibition of the enzyme
results in a myriad of undesirable side effects
[108-110]. Dorzolamide and brinzolamide are
potent nanomolar inhibitors of human CA-II
isozyme [106, 111-113], with less activity
against CA-1V, CA-XII, and CA-I [114].

Acetazolamide

Acetazolamide (ACZ) is a CAI used systemically
to obtain a substantial and immediate reduction
of IOP in glaucoma management. It is currently
considered one of the most effective available
IOP-lowering agents [115]. Limitations of orally
administered ACZ include several systemic
adverse events (e.g., metabolic acidosis, pares-
thesias, fatigue, diuresis, malaise, anorexia, loss
of libido, renal function impediment, etc.)
[116]. As a rule, large oral doses of ACZ are
necessary to obtain the desired IOP reduction,
probably because of its low bioavailability and
relative instability [117]. Topical administration
of ACZ would have been preferred over systemic
administration, but as a result of the pharma-
cological limitations of topical ACZ (e.g., poor
permeability via the corneal epithelium, short
residence time, frequent instillations, loss of
drug through nasolacrimal drainage, poor pen-
etration coefficient (only 1-6% of the active
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compound actually reaches intraocular tissues)
[118], poor biphasic solubility, and poor corneal
bioavailability) [119], many researchers have
tried to develop optimized ACZ topical drug
delivery systems, some employing nanotech-
nology-based approaches [115, 117, 120-124].
Table 3 shows examples of ACZ-loaded
nanoparticulate systems.

References

Dorzolamide

Dorzolamide (DRZ) is a CAI used extensively in
the treatment of glaucoma. Inhibition of car-
bonic anhydrase results in decrease of aqueous
humor production and IOP reduction. The first
commercially available topical CAI was 2% DRZ
hydrochloride solution (Trusopt®) [131], avail-
able since 1995. When topical 2% DRZ is used as
monotherapy, it reduces IOP by up to 23% from
baseline [132]. However, as a result of its low pH
and high viscosity, 2% DRZ causes significant
ocular irritation, stinging, or burning [133].
Moreover, topical 2% DRZ requires 2-3 daily
doses, which hinders long-term adherence to
treatment [134]. Therefore, there is a clear
clinical demand to enhance the delivery effi-
ciency of DRZ, and nano-based drug systems
appear to have the potential to fulfil this goal.
Table 4 demonstrates examples of dorzolamide-
loaded nanoparticulate systems.

the best sustained release profile for 24 h compared
was superior to those of liposomes, pilocarpine gel,

loaded chitosan/Carbopol nanoparticles, which

to the other 3 formulations

In vitro analysis showed that nanoparticles displayed [86]
and pilocarpine drops

Results
In vivo study showed extended miosis of pilocarpine-

effect of pilocarpine chitosan/
Carbopol nanoparticles was
compared with various
pilocarpine formulations
(traditional eye drops, gels, and

liposomes)

Brinzolamide

Brinzolamide is a water-insoluble CAI, which
acts on the ciliary processes and decreases
aqueous humor secretion. This medication is
employed widely in stepwise glaucoma therapy
most often in combination with prostaglandin
analogues or in conjunction with brimonidine
and beta-blockers [141]. Brinzolamide is for-
mulated commercially as a 1% aqueous sus-
pension, because lower concentrations resulted
in insufficient therapeutic effect [114]. As a
result of the solubilization demand of particles
on the ocular surface and because of its high
lipophilicity, brinzolamide aqueous suspension
has a low bioavailability [142], which may elicit
blurred vision after administration [143] and
foreign body sensation, often leading to dis-
comfort after instillation [144]. For these rea-
sons, novel topical ocular delivery systems for

In vivo (albino rabbits) miotic

In vitro release profile

Hydrogel

Carbopol nanoparticle
ophthalmic Formulation

Hypotensive drug/nanosystem Pharmaceutical form Study design/model

Pilocarpine-loaded chitosan/

Table 1 continued
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Table 6 continued

References

Results

Study design/model

Pharmaceutical

Hypotensive

form

drug/nanosystem

[159]

After a single dose of the BRD-loaded M/CS, an IOP

In vitro release studies

Microspheres

BRD-loaded

reduction of 20 mmHg was achicved after 1 day,

In vivo studies (IOP measurements after BRD-loaded

poly(D,L-lactic-

microspheres/carrier system

(M/CS)

and was sustained over a period of 55 days

M/CS subconjunctival implantation in normal and

co-glycolic acid)

M/CS structure remained intact for easy removal after
BRD was fully released, even as long as 70 days after

implantation

glaucomatous eyes)

(PLGA)

this drug must surpass current problems.
Table 5 shows examples of brinzolamide-loaded
nanoparticulate systems.

Brimonidine

Brimonidine (BRD) is an a,-adrenergic agonist
which acts through two mechanisms: it pro-
motes an acute reduction in aqueous produc-
tion, associated with an increase in uveoscleral
outflow [151]. Nevertheless, BRD exhibits low
bioavailability through the corneal stroma
(1-7%) [152] and shows a short duration of
action that leads to the necessity of three
instillations during the day [153]. Conse-
quently, BRD demonstrates a relatively reduced
adherence, as evidenced by the rate of adher-
ence, which ranges from 31% to 67% at
12 months [20]. The reluctance of patients to
instill their eye drops many times a day on a
regular basis justifies the need to develop new
BRD formulations. Table 6 shows examples of
BRD-loaded nanoparticulate systems.

Prostaglandin Analogues

Topically instilled prostaglandin F,, (PGF,,)
analogues (latanoprost, travoprost, bimato-
prost, and tafluprost) have been the fist-line
choice in the medical management of glaucoma
over the last decade, owing to their favorable
safety profile, efficacy, and patient compliance
[160, 161]. All PGF,, analogues lead to common
side effects, such as eyelash growth, darkening
of the iris and periocular pigmentation, con-
junctival hyperemia, and rare adverse reactions
(e.g., damage to the blood-aqueous barrier,
cystoid macular edema, and prostaglandin-as-
sociated periorbitopathy) [162]. These side
effects reduce patient compliance. To overcome
the side effects, to reduce dosing, to optimize
the efficacy and safety of this class of drugs, and
to get a reliable dosing technology delivered
continuously over a prolonged time (weeks or
more), novel nanoformulations of PGF,, ana-
logues may prove greatly advantageous. Table 7
shows examples of prostaglandin analogue-loa-
ded nanoparticulate systems.
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GLAUCOMA DRAINAGE
AND NANODEVICES

Glaucoma drainage implants are often
employed in glaucoma care when medical
therapy, laser procedures, and standard filtra-
tion surgery fail to sufficiently control IOP
[172]. The main types of glaucoma drainage
devices available commercially are the Molteno,
the Baerveldt, and the Ahmed, all of them
designed to create an alternate aqueous path-
way by channeling aqueous humor from the
anterior chamber to the collection plate posi-
tioned under the conjunctiva [173, 174].

The long-term success of glaucoma drainage
implants, however, is reduced as a result of the
fibrous reaction developing around the end-
plate, which leads to encapsulation and reduc-
tion of aqueous humor absorption. Epstein
[175] was the first author to consider that
aqueous humor in the subconjunctival space, in
itself, would be a stimulus for the fibrovascular
proliferation in the episcleral tissue. The inten-
sity of the fibrotic reaction was attributed to a
multifactorial origin, although not all patho-
genetic factors are well understood. Some ele-
ments, such as the type of biomaterial, design
and/or size of the end-plate, and the patient’s
immune response, certainly influence the for-
mation of fibrous tissue around the valve plate
[176]. Therefore, refinement of biomaterials, as
well as the associated use of antifibrotic agents
with more advanced drug delivery nanosystems
may meaningfully improve the long-term suc-
cess of glaucoma drainage devices.

A novel double-layered porous coating for
Ahmed glaucoma valves based on biodegrad-
able poly(lactic-co-glycolic acid) (PLGA) was
developed by Ponnusamy et al. [177] to achieve
continuous drug release of antifibrotic agents
[mitomycin C (MMC) and/or S-fluorouracil (5-
FU)] to the subconjunctival space. This novel
poriferous coating for the Ahmed glaucoma
drainage implant may have the advantage of
modifying the degradation pattern of the poly-
mer, and the drug release features. The purpose
of this double-layered film is to provide a burst
of MMC release followed by a slow release of
5-FU, which would prevent fibroblast

proliferation over the most active period of
postoperative wound healing (0-28 days).
Results showed a very rapid release of MMC
within 1 day, followed by the initial release of
5-FU within the first 3-5 days, which lasted for 3
to 4 weeks. Cytotoxicity assays have demon-
strated significant cytotoxic activity from day 1
which persisted until the PLGA film was almost
totally degraded.

Pan et al. [178] were able to manufacture a
nano-drainage device fabricated through
microelectromechanical systems (MEMS;
miniaturized devices containing submillimeter
features). This nano-drainage implant is made
of a nanoporous membrane (mimicking the
drainage function of the trabecular meshwork)
connected to an integrated polymeric shaft
inserted through the sclera into the anterior
chamber, thus enabling a bypass route for the
aqueous humor outflow. The nano-filtration
membrane provides the designed flow resis-
tance to the aqueous humor flow, but clogging
of proteins inside the nanopores from plasma
perfusion significantly increased the resistance.
Further efforts will be necessary to apply modi-
fications to the nanoporous membrane to reach
the ideal aqueous outflow.

Harake et al. [179] designed an anti-biofoul-
ing micro-device which provides an innovative
platform, also using MEMS, for IOP reduction in
patients with glaucoma. This novel device has
an array of parallel micro-channels built inside
to yield controlled aqueous outflow resistance.
Polyethylene glycol (PEG), a synthetic hydrogel,
was chosen as the primary device material
owing to its favorable biocompatibility and its
antifouling properties, aiming to reduce protein
clogging of the micro-channels [180]. PEG 214
and PEG 4000 were jointly used to avoid chan-
nel swelling. In vitro, continuous testing under
artificial flow conditions showed that the device
design containing 23 channels provided a
pressure drop of about 10 mmHg.

Ferrofluids are the colloidal mixtures of
magnetic nanoparticles (ferri- or ferromagnetic
particles) suspended in a non-magnetic, inert
fluid, such as water or an organic solvent [181].
As a result of their nanosize (tipically
10-100 nm in diameter), the nanoparticles are
subject to Brownian motion. Brownian motion
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or pedesis is the random movement of micro-
scopic particles in suspension mixed in a fluid,
and it results from the averaged impacts of fast-
moving molecules of the surrounding medium
[182]. Magnetite (Fe3O,4) particles are composed
of a single magnetic domain and show super-
paramagnetic properties, i.e., a drag force along
field gradients. If a static magnetic field exists,
the interfacial force causes the ferrofluid to
conform to its boundaries. Accordingly, a fer-
rofluid in a capillary tube can operate as an on/
off valve to flow through capillary blockade. A
permanent magnet may be utilized to keep the
ferrofluid in the capillary and a secondary
magnet may be utilized to regulate the force
necessary to form the capillary barrier. When-
ever the pressure exerted on the ferrofluid by
the liquid surpasses the magnetic force between
the ferrofluid and the secondary magnet, flow
can start after the barrier is broken. Paschalis
et al. [183] designed a novel, replaceable, ferro-
magnetic valve tube able to afford pressure
regulation without the requirement of subcon-
junctival encapsulation. Preliminary in vivo
results in rabbits showed that during the
2 weeks of follow-up, there were no signs of
inflammation or infection at the surgical site.
The mean IOP value in the valve implanted eye
(11.8 £ 2 mmHg) was significantly lower than
the contralateral control eye (14 + 3 mmHg),
and a continuous flow at the outlet tip of the
valve was observed until the last follow-up.
Biomaterial improvement provided by
nanoparticle-coated glaucoma drainage devices,
associated with design changes and innovative
drug delivery systems may potentially reduce
fibrous reaction, and improve their efficiency.

NANOPARTICLE-BASED
ANTIMETABOLITES AND WOUND
HEALING MODULATION

Currently, trabeculectomy is still the gold
standard surgical treatment for glaucoma.
Postoperative wound healing produces a
hypercellular response in the subconjunctival
tissues, which may gradually close the filtration
site, limiting its long-term success [184]. Sub-
conjunctival antifibrotics, such as MMC and

5-FU, have been used to reduce the generation
of scar tissue, by inhibiting fibroblast prolifera-
tion [184-187].

In order to improve the efficiency of these
antifibrotics drugs, nanoformulations have
been recently employed. Hou et al. [188] have
developed a new method to prepare MMC-loa-
ded polylactic acid (PLA) nanoparticles,
employing soybean phosphatidylcholine to
improve the liposolubility of MMC. Results
showed refined formulation characteristics and
longer sustained drug release. Gomes dos Santos
et al. [189] designed nanosized complexes of
antisense TGFB2 phosphorothioate oligonu-
cleotides (PS-ODN) with polyethylenimine
(PEI), and naked PS-ODN encapsulated into
poly(lactide-co-glycolide) microspheres, based
on the hypothesis that the encapsulation of
antisense TGFB2 ODN-PEI nanosized complexes
in different types of porous particles could be an
efficacious system for oligonucleotide delivery
in vivo. Results showed that the MS-AsPS-ODN-
PEI nanosized complex significantly improved
the bleb survival rate following trabeculectomy
(100% at 42 days) in rabbits compared to con-
trols (0% of survival at day 21). The improved
efficiency of the complexes released from
microspheres is attributed to a superior intra-
cellular delivery in conjunctival cells, along
with the inhibition of TGFB2.

Mitomycin C is considered the most effective
antifibrotic agent used in glaucoma filtering
surgery [190]. It is used in more than 85% of the
trabeculectomies, but severe adverse effects,
such as conjunctival thinning, bleb leaks,
hypotony, and infection, limit its safety [190].
Our group has been working on the develop-
ment of a safer and effective alternative
nanoparticle-based antifibrotic agent. Paclitaxel
associated with lipid nanoemulsions (LDE-PTX)
was tested on rabbits undergoing trabeculec-
tomy [191]. Subconjunctival injection of LDE-
PTX was as effective as MMC in preventing
scarring after trabeculectomy, but with sub-
stantially less toxicity to the conjunctiva and
ciliary body. After these promising results in the
animal model, we have recently started the first
clinical trial to investigate the effectiveness of
LDE-PTX in patients with primary open-angle
glaucoma (POAG) undergoing trabeculectomy.
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Duan et al. [192] investigated the effects of
IkappaB kinase subunit beta (IKKP) inhibition
using RNA interference (RNAi) technology on
the proliferation of human Tenon’s capsule
fibroblasts (HTFs), which have a fundamental
role in the scarring process. Ye et al. [193]
developed a small interfering RNA (siRNA) tar-
geting IKKB (IKKB-siRNA) associated with a
ternary cationic nano-copolymer called CS-g-
(PEI-b-mPEG) as the vehicle delivered into
HTFs. They found that the expression of IKKf
was downregulated, the activation of nuclear
factor kappa B (NF-kB) in the HTFs was inhib-
ited, and the proliferation of HTFs was sup-
pressed through the blocking of the NF-«B
pathway, effects that improved the surgical
outcome in a non-human primate model of
trabeculectomy.

There is increasing interest in the use of
angiogenesis-inhibiting compounds, especially
those that act against vascular endothelial growth
factor (VEGF), aiming to modulate the effects of
VEGF on the migration and proliferation of
human fibroblasts in Tenon'’s capsule [194]. VEGF
is upregulated in the aqueous humor of the
glaucoma rabbit model as well as in patients with
glaucoma, and it stimulates fibroblast prolifera-
tion in vitro [195]. Bevacizumab is a full-length
humanized non-selective monoclonal antibody
directed against all isoforms of VEGFA, which has
been reported to inhibit proliferation of fibrob-
lasts in vitro and to reduce angiogenesis and
collagen deposition in eyes undergoing tra-
beculectomy [194-197]. Han et al. [198] investi-
gated the use of bevacizumab combined with
PEG-PCL-PEG (PECE) hydrogel, by intracameral
injection, after experimental glaucoma filtration
surgery (GFS). Results demonstrated that the
antifibrotic effect of bevacizumab-loaded PECE
hydrogel was superior to bevacizumab alone in
the prevention of postoperative scarring after GFS
in the rabbits.

NEUROPROTECTION
AND NEUROREGENERATION
AND NEUROTROPHIC FACTORS

Although IOP is considered the main risk factor
for the development and progression of

glaucoma, RGC loss may continue in spite of
IOP reduction in some patients with glaucoma
[199, 200]. The physiopathology behind RGC
death is complex and has been attributed to
various factors, including oxidative stress,
intermittent ischemia, defective axon transport,
excitotoxicity, loss of electrical activity, and
trophic factor withdrawal [16], which justifies
the development of neuroprotection/neurore-
generation strategies.

Glial cell-derived neurotrophic factor
(GDNF) is an important neurotrophic factor
implicated in the growth, differentiation,
maintenance, and regeneration of specific neu-
ronal populations in the adult brain, as well as
in peripheral neurons [201].

In vitro and in vivo studies have shown that
GDNF may rescue photoreceptor and RGC
functions during retinal degeneration [202].
Previous studies have demonstrated that
exogenous GDNF is an interesting therapeutic
approach for neurodegenerative diseases affect-
ing the retina, including glaucoma [203].
Checa-Casalengua et al. [203] described a novel
protein microencapsulation method to ensure
protection of the biological factor during this
procedure, allowing the controlled release of
proteins to keep their bioactivity for prolonged
periods of time. GDNF in combination with
vitamin E released from the microspheres was
active for at least 3 months after a single
intravitreal injection in an animal model of
glaucoma. There was a significant increase of
RGC survival compared with GDNF alone,
vitamin E alone, or blank microspheres, which
indicates that this novel formulation may be
clinically applicable as a neuroprotective tool in
the treatment of glaucomatous optic neuropa-
thy. Ward et al. [204] demonstrated long-term
RGC survival in a spontaneous glaucoma ani-
mal model by injecting slow-release PLGA
microspheres containing GDNF into the vitre-
ous. Farly treatment resulted in 3.5 times
greater RGC density than untreated mice after
15 months.

In a rat glaucoma model, animals were trea-
ted with GDNF injected into their vitreous
cavity. 10% GDNF-microsphere emulsion
resulted in a significant reduction of optic nerve
head excavation, and increased RGC survival,
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compared with 2% GDNF-microspheres, blank
microspheres, and saline solution [205]. In
order to evaluate the pharmacokinetics of
GDNF, Garcia-Caballero et al. [206] analyzed its
levels after a single intravitreal injection of
GDNF/vitamin E microspheres in rabbits. This
method allowed a sustained controlled release
of GDNF for up to 6 months.

Ciliary neurotrophic factor (CNTF) has also
been shown to be neuroprotective on motor
neurons following injury to the adult central
nervous system [207], and also for neurons in
other regions in degenerative diseases
[208-210]. Effective neuroprotection could be
reached if sustained and local delivery without
adverse side effects were achievable, but sus-
tained CNTF delivery has proven arduous to
accomplish and control. Nkansah et al. [211]
examined the effects of CNTF nanospheres on
neural stem cells (NSC) and also on the factors
that influence controlled CNTF delivery from
microspheres and nanospheres. Protein bioac-
tivity after encapsulation was studied treating
neural stem cells with CNTF released from
nanospheres and compared to those treated
with unencapsulated CNTF. Results showed
that encapsulated CNTF provided NSC differ-
entiation with no loss of potency compared to
the unencapsulated growth factor.

In addition, Pease et al. [212] demonstrated
the neuroprotective effect of virally mediated
overexpression of CTNF and brain-derived
neurotrophic factor (BDNF) in experimental
glaucoma. Injection of adeno-associated viral
vectors carrying either BDNF, CTNF, or both, in
laser-induced glaucoma eyes, was performed.
Combined CNTF-BDNF and BDNF overexpres-
sion alone had no noticeable improvement in
RGC axon survival, but CNTF alone showed a
significant protective effect, with 15% less RGC
death.

The induction of heat shock proteins (HSPs)
has been investigated as a modality for the
protection of optic nerve damage in glaucoma
[213-2135]. Caprioli et al. [214] conducted the
first demonstration of the neuroprotective
effects of 72-kDa HSPs in cultured RGCs and
Miiller cells after hyperthermia and sublethal
hypoxia. Since then, many researchers have
been attempting to apply the induction of HSPs

as a neuroprotective strategy in patients with
glaucoma.

The calcium (Ca?")-binding protein onco-
modulin is a potent macrophage-derived
growth factor for RGCs and other neurons. Yin
et al. [216] demonstrated that, in vivo, onco-
modulin released from nanoparticles (micro-
spheres) promotes regeneration in the mature
rat optic nerve.

More recently, Jeun et al. [217] investigated a
new approach to use localized HSPs—a promis-
ing treatment modality for the ocular neuro-
protection—without the unwanted side effects
typically occurring with the current clinical
approaches to induce HSPs in RGCs. These
authors proposed the induction of HSPs by local
magnetic hyperthermia utilizing engineered
superparamagnetic Mng sZng sFe,O4 nanoparti-
cle agents (EMZF-SPNPAs). The results showed
that the EMZF-SPNPAs possess all the ideal
characteristics as an in vivo localized HSP
induction agent. Moreover, the authors also
used an innovative infusion technique, which
delivers the silica-coated EMZF-SPNPAs through
the vitreous body to the retina for
neuroprotection.

ANTI-INFLAMMATORY DRUGS

Inflammation is a common physiological pro-
tective response to injury. Inflammation is
generally beneficial to the organism, promoting
tissue survival, repair, and recovery, provided
that it occurs for a limited period of time.
Otherwise, it may be detrimental when exten-
sive, prolonged, or unregulated [218]. In the
central nervous system, the activation of astro-
cytes and microglia, which is indicative of
inflammation, occurs in patients with Parkin-
son’s, Alzheimer’s, Huntington’s diseases, mul-
tiple sclerosis, and amyotrophic lateral sclerosis
[219-221]. Hence, in the nervous system, pro-
longed inflammation may have a dual role,
increasing neuronal loss or impeding regenera-
tion. This justifies why anti-inflammatory drugs
might also have a neuroprotective activity.

In glaucoma, the neuroinflammatory
responses during RGC degeneration have not
been elucidated. However, microglia are
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pleiotrophic immune cells and seem to take part
in both neuroprotection and neurodegenera-
tion of RGCs [222]. Thus, it is plausible that
low-grade inflammation may occur in glaucoma
in response to hypoxia, ischemia, vascular dys-
function, and elevated IOP. In fact, genes asso-
ciated with cyclooxygenase2 (COX-2)/PGE,
[223, 224], cytokines [225], tumor necrosis fac-
tor alpha (TNFo) in glial cells [226], and hypoxia
inducible factor 1-alpha (HIFa) [227] are all
upregulated in glaucomatous RGCs.

Curcumin [1,7-bis-(4-hydroxy-3-methox-
yphenyl)-1,6-heptadiene-3,5-dione] is a
polyphenol extracted from Curcuma longa [228].
It has been reported that this compound can
beneficially modulate several biochemical pro-
cesses involved in neurodegenerative diseases.
For example, Dong et al. [229] showed that
long-term (12-week) curcumin-supplemented
diet increased hippocampal neurogenesis and
cognitive function in aged rats. Similarly, Kim
et al. [230] demonstrated the beneficial effects
of low dose curcumin on mouse multi-potent
neural progenitor cells, which means it can
stimulate neural plasticity and repair. Further-
more, Belviranhi et al. [231] concluded that
curcumin supplementation improves cognitive
function in aged female rats by reducing the
lipid peroxidation in brain tissue, which
demonstrates its protective effect against neural
oxidative stress.

Curcumin has been reported to protect RGCs
and the microvasculature against ischemic
damage via inhibition of NF-xB, signal trans-
ducer and activator of transcription 3 (STAT3),
and monocyte chemotactic protein 1 (MCP-1;
also known as C-C motif chemokine 2) overex-
pression [232]. Wang et al. conducted a study to
investigate the ability of curcumin to inhibit
retinal ischemia/reperfusion injury. Pretreat-
ment with curcumin inhibited ischemia/reper-
tusion-induced cell loss in the ganglion cell
layer. Also, 0.05% curcumin administered
2 days after the injury showed a vasoprotective
effect [232]. On the basis of the hypothesis that
local and systemic oxidative stress participate in
the pathogenesis of glaucoma, Yue et al. [233]
evaluated the antioxidant effects of curcumin
both in vitro (BV-2 microglia cell line) and
in vivo and found that curcumin may improve

cell viability and decrease intracellular reactive
oxygen species and apoptosis of RGCs.

Although the therapeutic potential of cur-
cumin in ophthalmology is real, its poor water
solubility [234], and low bioavailability
[228, 235] are important limiting factors for
clinical applicability. To surpass these limita-
tions, Davis et al. [236] used a nanotechnology
approach to provide a hydrophobic environ-
ment for a poorly soluble molecule such as
curcumin, and to improve its bioavailability
through the development of a nanocarrier
suitable for utilization as a topical formulation.
This nanoformulation was able to increase the
solubility of curcumin by a factor of 400,000,
which is more than enough to overcome natu-
ral ocular barriers. Topical application of cur-
cumin-loaded nanocarriers twice-daily for
3 weeks, in in vivo models of ocular hyperten-
sion and partial optic nerve transection, signif-
icantly reduced RGC loss. These results suggest
that topical curcumin nanocarriers have
potential as a neuroprotective therapy in
glaucoma.

Ketorolac is a synthetic pyrrolizine car-
boxylic acid derivative that belongs to the
group of NSAIDs. Ketorolac is a non-selective
inhibitor of the enzymes COX-1 and COX-2.
The inhibition of COX-2, upregulated at sites of
inflammation, prevents conversion of arachi-
donic acid to pro-inflammatory prostaglandins
[237]. Cyclooxygenases are expressed by RGCs
in the rodent retina [238] and are upregulated
in the retina after optic nerve injury [239] and
ischemia [240]. Nadal-Nicolas et al. [241] first
described the neuroprotective effects of ketoro-
lac on RGCs after optic nerve axotomy in rats.
Two treatments were evaluated: intravitreal
administration of Kketorolac tromethamine
solution and/or ketorolac-loaded PLGA micro-
spheres, 1 week before the optic nerve lesion
and intravitreal administration right after the
optic nerve crush. In all treated groups there
was a significant increase in the number of
RGCs compared to all control groups, which
confirmed that an NSAID can delay neuronal
death in an acute model of axonal injury. Pre-
treatment (ketorolac solution administered pre-
optic nerve lesion) resulted in 63% survival of
RGCs, while simultaneous administration of
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ketorolac solution provided a 53% survival.
However, in this study, microspheres did not
show an additional effect, contrary to other
investigations where intravitreal administration
of the microparticle formulation was found to
be advantageous [242].

TOXICITY OF NANOMATERIALS

Nanoparticles may generate cellular toxicity
through oxidative stress, interaction with the
cell membrane, and inflammation [243]. In
contrast to chemical toxicity, where compound
purity and drug concentration are the essential
determinants, in nanotoxicity other character-
istics should be taken into account, such as
nanoparticle size, surface shape, and ionic
charge [244]. In addition, there are a few toxi-
city forms that may be independent of the drug
delivered, namely particle toxicity, excipient
toxicity, contaminant toxicity, and inflamma-
tory toxicity [243]. Each one must be indepen-
dently investigated in vitro and in vivo.

Specific literature about the toxicity of ther-
apeutic nanoparticles in the eye remains scarce
[243]. Nanotoxicity is a subject of key impor-
tance to be determined in conjunction with the
therapeutic potential of each nanoparticle
[245, 246], particularly for those that require
repeat-dose regimens [247]. All nanoparticles
proposed to be utilized for therapeutic purposes
must be thoroughly investigated in terms of
local and systemic toxicity, before obtaining the
full regulatory approval.

CONCLUSIONS AND PERSPECTIVES

Glaucoma is a complex and multifactorial dis-
ease and truly effective treatments need to be
developed and specifically targeted to the
pathophysiological pathways that have been
identified to date. We believe that, in the future,
glaucoma treatment will include the use of
hypotensive drugs associated with neuropro-
tective agents directed to the preservation of
RGCs and the optic nerve.

Nanotechnology has been shown to be a
robust and valuable modality for the treatment

of ocular diseases, including glaucoma. In this
review, we focused on the recent advances in
the development of nanosystems for glaucoma
treatment. Bearing in mind the desired thera-
peutic targets in glaucoma therapy, nanotech-
nology has the ability to meaningfully improve
the efficacy of current treatment approaches. By
improving the pharmacological characteristics
of drugs, or the features of surgical devices,
nanotechnology has remarkable potential in
future glaucoma management. There is con-
vincing experimental evidence that many
nanoparticles may enhance the solubility of
lipophilic drugs, which improves bioavailabil-
ity, and promote sustained delivery owing to
their optimized biodegradability and physico-
chemical characteristics. Nanomedicine formu-
lations designed to lower IOP may not require
frequent dosing and may reduce drug-related
side effects, which ultimately will result in
optimizing adherence. In addition, nanofor-
mulated drugs have been shown to improve
wound healing modulation following filtering
surgery and at the same time reduce the toxicity
to the conjunctiva and ciliary body. Nanopar-
ticle-coated filtering drainage devices may also
reduce the fibrotic reaction around the plate,
increasing their long-term success.

Although promising, possible toxic effects of
nanoparticles have to be thoroughly analyzed
during preclinical evaluation. The detailed
investigation of every possible biological reper-
cussion is requisite to the future introduction of
nanomaterials. Importantly, the vast majority
of studies on the use of nanoparticles in glau-
coma have been performed in animal models.
Human studies are needed not only for the
detailed determination of the actual cytotoxic-
ity of each nanoparticle but also to investigate
their tolerability and efficacy.
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