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ABSTRACT

Since glaucoma is a serious health problem, numerous therapeutics are being developed to reduce
Intraocular Pressure (IOP) as the only modifiable factor of all glaucoma symptoms. IOP-lowering
agents are divided into six groups, each of which has a specific mechanism of action and side
effects, which are the focus of this article and are explained in detail. All the mentioned agents are
formulated as eye drops. However, as conventional topical eye drops have significant
disadvantages, of which poor bioavailability and patient noncompliance are the main, novel
approaches to designing their drug delivery systems were used and briefly presented in this review.

*Corresponding author: E-mail: ognjenka.rahic@ffsa.unsa.ba;



Rahic et al.; OR, 14(2): 17-33, 2021; Article no.OR.66197

Graphical Abstract

Build up
of fluid

due to the increased pressure

Drzinage canal
blocked

Optic nerves and blood
vessels are damaged

Glaucoma development

Uveoscleral outflow
- Prostaglandin agonists
- a-AR agonists

Trabecular outflow
- Rho-kinase inhibitors
- Miotics

V

Aqueous humor inflow

- 0.-AR agonists

- B-blockers

- Carbonic anhydrase inhibitors

Therapeutic strategies for glaucoma

Keywords: Glaucoma; glaucoma treatment; intraocular pressure; novel drug delivery systems.

ABBREVIATIONS

AAs - Adrenergic Agonists

BBs - Beta-adrenergic Blockers
CAls - Carbonic Anhydrase Inhibitors
CLs - Contact Lenses

IGS - In situ Gel Systems

I0P - Intraocular Pressure

MNs - Microneedles

PAs - Prostaglandin Analogs
PNIPAAm -  poly(N-isopropyl acrylamide)
PP - Punctal Plug

RGC - Retinal Ganglion Cell

RK - Rho-kinase

RKls - Rho-kinase Inhibitors

SLN - Solid Lipid Nanoparticles
TODDD - Topical Ophthalmic Drug

Delivery Device

1. INTRODUCTION

Glaucoma is the most common cause of
avoidable blindness worldwide. The health
problem of glaucoma is its asymptomatic
character in the early stages and patients’
noncompliance [1-3]. Glaucoma comprises a
group of neurodegenerative disorders
characterized by changes in the optic nerve head
due to damage to the retinal ganglion cell (RGC)
axons. Damage to the RGC axons is at most the
result of increased intraocular pressure (IOP).
Increased IOP can occur either due to increased
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aqueous humor production or its impaired
drainage. Damage to the RGC axons can be so
severe that it can lead to the death of the RGC
and thus to blindness [4,5].

Laser therapy, incisional surgery or drug therapy
are options for glaucoma treatment. In most
cases, initial treatment is drug therapy [6].
Although the IOP is not increased in all types of
glaucoma, drugs that lower the IOP can delay or
even stop the progression of the disease, even if
the IOP is within physiological range [7,8].

There are numerous medical agents that reduce
IOP and are currently in use that have different
mechanisms of action, efficacy and side effects.
Sometimes these represent their advantages
and sometimes their disadvantages. In order to
overcome their disadvantages, drugs should be
integrated into improved novel drug delivery
systems.

2.10P LOWERING AGENTS

The groups of medications used in the treatment
of glaucoma are [6]:

Prostaglandin analogs (PAs);
Beta-adrenergic blockers (BBs);
Adrenergic agonists (AAs);

Carbonic anhydrase inhibitors (CAls);
Miotics;



¢ Rho-kinase inhibitors (RKIs).

The most effective IOP lowering agents are PAs,
as they reduce the IOP by 28-33%. Therefore,
PAs are usually included in glaucoma treatment
first. Slightly less reduction is induced by BBs,
while AAs and CAls reduce the IOP by 15-20%
[9].

2.1 Prostaglandin Analogues

Prostaglandins are normally produced by the
eye, but also by the prostate gland, after which
they are named [10]. In animal studies during the
1960s and 1970s, IOP was found to be lower in
inflamed eyes than in healthy eyes, which was
caused by intraocular injection of prostaglandins.
Camras et al. [11] demonstrated that IOP in the
rabbits eye was reduced after topical
administration of prostaglandins. Nevertheless,
natural prostaglandins, when administered to the
human eye, caused significant side effects, such
as conjunctival hyperemia, irritation and in some
cases headache. Thus, PAs, also known as
hypotensive lipids, were developed. They were
equally effective in lowering IOP but showed
fewer side effects [12].

The use of PAs in the therapy began in 1996 with
latanoprost. Today, in addition to latanoprost,
travoprost, bimatoprost, and unoprostone can be
used in the treatment of glaucoma. Latanoprost
and ftravoprost are selective agonists of
prostaglandin receptors. Unoprostone differs
structurally from latanoprost and travoprost and
has the lowest affinity for prostaglandin receptors
[12—14]. It is not as efficacious as other PAs in
reducing IOP and must be taken twice daily [12].
Unoprostone is significantly different in the
mechanism of action than other PAs as well.
Studies have also shown that it can achieve its
effect, at least partially, by activating potassium
and chloride channels, thus leading to the
relaxation of the trabecular meshwork and
increased aqueous humor outflow via the
conventional route. However, the exact
mechanism of its action remains unknown. But
its relatively weak affinity for prostaglandin
receptors may be the reason for its
advantageous local tolerability compared with
other PAs. It should also be noted that it is
effective both as a monotherapy and as an
adjunctive therapy [15].

Although the structure of bimatoprost is similar to
the other two PAs, it is indeed analogous to
prostamides, which are a group of endogenous
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ocular hypotensives [14]. Bimatoprost is an
amide prodrug. lts active form is latanoprost [16—
18].

In contrast to other ocular hypotensives, PAs
have almost no influence on aqueous humor
production, but on uveoscleral outflow through
the iris and ciliary body, which has been
confirmed by many animal studies [19,20].
Similarly, other studies have confirmed that the
exact mechanism of influencing the uveoscleral
outflow is by facilitating it [19,21-24]. The
aqueous humor drainage through the ciliary body
may be increased by the relaxation of the ciliary
muscle, as shown in studies conducted on
monkeys [19-21,25]. Furthermore, PAs can
potentiate the uveoscleral outflow by activating
some enzymes, such as metalloproteinases that
lead to collagen degradation. As a result,
intercellular spaces open and the rate of
uveoscleral drainage increases, leading to a
decrease in IOP [20,26]. The same has been
confirmed for humans in in vitro and in vivo
studies [27-30]. To a certain extent, the
trabecular meshwork plays role in enhancing
aqueous humor drainage and lowering IOP [28—
31].

Studies have confirmed that taking latanoprost
[32-34], travoprost [33] and bimatoprost [35,36]
twice daily is less effective than taking them once
daily, preferably in the evening. Administration in
the evening, rather than in the morning, seems to
be more effective and can prevent the early
morning surge in IOP that can be observed in
many patients [13]. It is very important to be
careful when adding bimatoprost to latanoprost in
the treatment of glaucoma as the paradoxical
increase in IOP can occur [37].

A great number of studies have confirmed the
safety of using PAs either as a monotherapy or
as a concomitant therapy to other ocular
hypotensives. The most common local side
effects are eye irritation, conjunctival hyperemia,
and eyelash changes (lightening and darkening),
as well as darkening of the iris and periocular
skin pigmentation [12,13,38]. Systemic side
effects include dyspnea, chronic and acute
asthma [12,39].

In 2017, FDA approved a new PA in the United
States, with a unique, dual mechanism of action,
called latanoprostene bunod [40].
Latanoprostene bunod metabolizes to
latanoprost, which increases uveoscleral outflow
and the nitric oxide level, responsible for



intensifying the trabecular outflow. It is dosed
once daily [41].

2.2 Beta-Adrenergic Blockers

The initial therapeutic application of BBs was in
the treatment of various cardiovascular diseases,
such as hypertension, angina pectoris and
cardiac arrhythmias. The first BB ever
administered to humans to lower IOP was
propranolol in 1967 [42]. Propranolol is not used
topically. However, it can cause damage to the
cornea if taken for a long time. This effect is
caused by its membrane-stabilizing properties
[12,43].

The first BB formulated as an ophthalmic solution
was timolol, the most frequently studied and
used drug in glaucoma therapy. However, the
use of BBs, even timolol, has been reduced
since the introduction of PAs, because PAs lower
IOP more effectively and have fewer systemic
side effects [12,44].

Apart from timolol, other available BBs are
betaxolol, levobunolol, metipranolol, and
carteolol. They are administered once or twice
daily. Since BBs bind competitively to beta-
adrenergic receptors, they act antagonistically to
adrenergic responses [12]. Timolol reduces IOP
by reducing aqueous humor production and does
not affect its drainage, whatsoever. The exact
mechanism by which this is achieved is not yet
undoubtedly determined [12,13,45].

It is believed that the underlying mechanism is
binding to beta,-adrenergic receptors in the
ciliary epithelium, which in turn leads to
antagonistic effects. The additional effect may be
binding to beta,-adrenergic receptors in ciliary
arteries, leading to vasoconstriction and
subsequently a decrease in aqueous humor
production [12,13]. It may be interesting that it
does not only lower IOP in the treated eye but
also the contralateral eye without treatment. It is
assumed that this bilateral effect of timolol occurs
as a result of its systemic absorption [46].

Side effects of BBs are usually the result of beta-
blocking action. Local or systemic side effects
can occur. Local side effects are rare and include
dry eyes or allergic reactions. However, since
BBs are directly absorbed in venous circulation
after topical administration and do not undergo
first-pass metabolism in the liver, there is a risk
of more significant systemic side effects
compared with their oral administration. Systemic
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side effects include respiratory, cardiovascular,
metabolic and central nervous system side
effects [12,13].

2.3 Adrenergic Agonists

The AAs have been used in glaucoma
medication therapy for a long time. Since the
discovery of two different types of adrenergic
receptors, alpha and beta, various approaches
that include interaction with these receptors have
been developed to produce the most significant
IOP reduction possible. Some agonists of alphay,
alpha, and imidazole receptors are powerful IOP
reducers. Nowadays, clonidine and more
frequently, its derivatives apraclonidine and
brimonidine, are used. The exact location of their
effect on IOP is uncertain. However, it is known
that AAs can interact with adrenergic and
imidazole receptors in the ciliary body, trabecular
meshwork and brain. To some extent, they can
reduce |IOP bilaterally, although applied
unilaterally [12,13].

In a study performed by Toris et al. [47], it has
been proven that the effects of apraclonidine on
IOP were achieved by facilitating the trabecular
outflow, reducing aqueous humor production,
and reducing episcleral venous pressure. On the
other hand, brimonidine acts somewhat
differently. It lowers aqueous humor flow and
alters uveoscleral outflow [48].

Topically administered AAs cause some side
effects, which typically consist of vasoconstriction
in the conjunctiva, oral or nasal cavity, which
leads to dryness in the nose and mouth. In
combination with these, the conjunctiva can be
blanched and eyelids slightly retracted. In
contrast to brimonidine, apraclonidine has hardly
any effect on the cardiovascular or central
nervous system. However, the most annoying
and alarming side effect of AAs is allergic
reactions, which can be very severe [12,13].

2.4 Carbonic Anhydrase Inhibitors

Carbonic anhydrase (CA) in the eye plays a
crucial role in aqueous humor production in the
ciliary epithelium. If CA is inhibited, aqueous
humor secretion decreases and as a result, IOP
decreases. The CAls are very efficient ocular
hypotensives. Acetazolamide, methazolamide,
and dichlorphenamide are systemic CAls. Given
their serious side effects, the question arose as
to patients’ adherence, so topical agents, such
as brinzolamide and dorzolamide, were



developed [12,13,43]. Topical CAls are more
selective than systemic ones, but not as efficient
in lowering IOP. In contrast to topical BBs, the
duration of the effect of CAls is 24 h [12].

The most troubling systemic side effect of CAls is
severe blood dyscrasia, which has been the
cause of numerous fatal outcomes [49,50]. Other
systemic side effects, such as fatigue,
paresthesia, gastrointestinal problems and
kidney stone formation, are common results of
their long systemic administration, but rarely
occur during the administration of topical CAls.
Ocular side effects include itching, blurred vision,
allergic conjunctivitis, etc. and are more
pronounced with dorzolamide than with
brinzolamide [12].

2.5 Miotics

Miotics, also known as parasympathomimetics or
cholinergic  drugs, exhibit  effects  like
acetylcholine and have been in use for more than
a century. Miosis occurs as a result of a
contraction of the ciliary muscle, which puts
pressure on the trabecular meshwork, leading to
an increase in outflow and a decrease in IOP
[43].

There are two types of miotics: direct-acting ones
such as pilocarpine, carbachol, and acetylcholine
and indirect-acting ones, such as demecarium
bromide and echothiopate iodide. Direct miotics
directly affect the neuromuscular junction, while
indirect miotics bind to acetylcholine esterase at
the neuromuscular junction, thus inducing
acetylcholine secretion and promoting the
parasympathetic nervous system. Of all miotics,
only pilocarpine is regularly used in glaucoma
therapy. Others serve as a substitution in case of
the occurrence of allergic reactions to pilocarpine
[12,13].

Systemic side effects of pilocarpine include
sweating, salivation, bradycardia, hypotension,
bronchospasm and increased production of
bronchial mucus. Pilocarpine affects various
smooth muscles in the body and can cause
nausea, vomiting and diarrhea [12,13].

2.6 Rho-kinase Inhibitors

The RKIls are a completely new class of drugs
available for glaucoma therapy since 2017 when
FDA approved netarsudil [51]. Rho-kinase (RK)
is serine/threonine kinase and RKIls inhibit
norepinephrine transporter in addition to
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inhibition of RK. Netarsudil enhances trabecular
meshwork outflow and reduces episcleral venous
pressure [52].

3. BARRIERS IN
GLAUCOMA TREATMENT

EFFECTIVE

3.1 Absorption and Distribution in Ocular
Compartments

The application of a drug to the eye is a
demanding process because of many factors that
affect its absorption. The eye is a complex organ,
consisting of several components that present
barriers to drug absorption and distribution. The
cornea and the anterior chamber are important
for drug distribution inside the eye. Drug
absorption begins with mixing a drug with tears,
after its topical application. The quantity of a drug
absorbed is directly proportional to its
concentration in tears if it does not bind with
other substances in the cornea. With eye blinking
pushing a drug to go through the nasolacrimal
duct, tears’ evaporation, drug deposition on
eyelid borders and binding to proteins and
enzymes, a very limited amount of a drug can
penetrate the eye (1-10% of the applied dose).
Drug distribution inside the eye is impeded by the
iris, lens and ciliary body [13].

If a sufficient amount of a drug is not present on
the eye surface, then the absorbed dose will be
too low to produce a therapeutic effect. By
applying a larger amount of a drug to the eye, the
excess amount will be removed from the eye
surface through the lacrimal canals within a few
minutes. Once again, there is no therapeutic
effect. Therefore, it is necessary to develop drug
formulations that will enable longer contact of a
drug with the eye surface. Another undesirable
way of losing a drug is its systemic absorption
instead of the ocular one. A drug may be
systemically absorbed from the conjunctival sac
via blood capillaries or after a drug solution has
been drained into the nasal cavity [53].

3.2Flaws of Conventional
Topical Medications

Ophthalmic

More than 90% of all available ophthalmic drugs
are administered in the form of eye drops, which
is not surprising given the ease of their
manufacture and the ease of use and application.
Nevertheless, they have some flaws, of which
the poor drug bioavailability of only up to 10% is
the most important [54,55]. After administration,
eye drops have a limited retention capacity in the



conjunctival sac of only 7-10 pL [54] on the one
hand, followed by rapid drainage through the
nasolacrimal duct [55] on the other, which leads
to poor bioavailability.

3.3 Patients’ (Non)Compliance

Regardless of how effective conventional eye
drops may be in lowering 10P, the therapeutic
outcome ultimately depends on the patient's
ability to maintain the therapy. According to a
study by Newman-Casey et al [56], the main
reason for patient's noncompliance is their
forgetfulness, either when refilling prescriptions
or when omitting the dose. It is also important to
mention the lack of self-efficacy in administering
eye drops and the lack of patient education about
glaucoma outcomes and the effectiveness of
medications.
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4., MORE EFFECTIVE APPROACHES IN
GLAUCOMA TREATMENT

To solve the above problems, scientists have
steered their research in the development of drug
delivery systems in two parallel directions, either
extending the contact time of the drug and the
eye or slowing drug elimination [57]. In this way,
a plethora of sustained drug delivery systems
have been developed, many of which never
reached preclinical trials but have been retained
as a possible option for glaucoma treatment. On
the other hand, few are commercially available.
Fig. 1. shows novel drug delivery systems
developed for the treatment of glaucoma, while
Table 1 lists novel drug delivery systems for each
specific |OP lowering drug, that provide
additional data on their efficacy.

Nanoemulsions

Lipid nanoparticles
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TURAENTT Ocuserte
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~ Ocufit SR® system

TIETRST

7 il

Topical ocular ring

- -
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TR
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Fig. 1. Summary of drug delivery devices for glaucoma treatment. (A) In situ gel systems, (B)
Nanoparticles: liposomes, niosomes, nanoparticles, lipid nanoparticles, dendrimers,
nanodiamonds, (C) Ocular inserts: Ocusert®, Ocufit SR® system, topical ocular ring, Topical

Ophthalmic Drug Delivery Device (TODDDTM),

punctal plug, (D) Contact lenses, (E) Ocular

implants: NovadurTM drug delivery system, (F) Microneedles, (G) Ocular iontophoresis:
EyeGate Il delivery system
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Table 1. Summary of the groups of medications used in the treatment of glaucoma

Drug group Active Drug delivery system Efficacy Ref.
substance
Prostaglandin  Latanoprost o Latanoprost-loaded liposomes o In vivo 90-day IOP reduction [58—65]
analogs o Propylamino-3-cyclodextrin o In vitro stability tests, in vivo ocular irritation
o Topical Ophthalmic Drug Delivery o In vitro 16-day release, in vivo 2-3-month IOP
Device (TODDD) reduction
o L-shaped punctal plug (PP) o In vitro 90-day release, in vivo 3-month release
o Latanoprost-eluting contact lenses o In vitro / in vivo 1-month release
(CLs)
o Ocular implant o In vivo 6-month release, phase Ib clinical trial
Travoprost o Travoprost PP o In vitro 3-month release, in vivo 6-month IOP [62,63,66—
reduction 68]
o iDose ocular implant o In vivo 12-month I0P reduction
Bimatoprost o Ocular inserts o In vivo 4-week IOP reduction [69-72]
o Topical ocular ring o In vitro 180-day release, in vivo 6-month IOP
reduction
o Bimatoprost SR - ocular implant o In vivo 6-month IOP reduction
Beta- Timolol o In situ gel systems (IGS): o In vivo 24 h 10P reduction [70,73,74—
adrenergic Xyloglucan based o In vivo 12 h IOP reduction 76,77-84]
blockers PNIPAAm based o In vitro 3 h release
o Solid lipid nanoparticles (SLN) o In vitro 24 h release, in vivo 8 h IOP reduction
o Timolol-loaded chitosan
nanoparticles o In vitro 6 h release, in vivo 4 h IOP reduction
o Timolol-loaded liposomes o In vitro 10 h release, in vivo 8 h IOP reduction
o Timolol-loaded niosomes o In vitro 28-35-day release, in vivo 4-day IOP
o Hybrid poly(amidoamine) reduction
(PAMAM)-dendrimer hydrogel-
PLGA nanoparticles o In vitro 8 h release, in vivo 14-day |IOP retention
o Ocufit SR® - ocular insert o In vivo 3-month IOP reduction
o TODDD o In vivo 6-month IOP reduction, phase Il clinical trial
o Topical ocular ring o In vivo 5-day IOP reduction
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Drug group Active Drug delivery system Efficacy Ref.
substance
o CLs
Betaxolol o IGS o In vitro 8 h release, in vivo 12 h 0P reduction [85-87]
o Betaxolol-loaded o In vitro 10 h release, in vivo 3 h IOP reduction
montmorillonite/chitosan
nanoparticles
o Betaxolol-loaded nanosuspension o In vivo 3-month IOP reduction
Carteolol o Carteolol-loaded dendrimers o Bioavailability 2.5 times higher compared with a [88]
solution
Adrenergic Clonidine o IGS o In vitro 6 h release [89]
agonists Brimonidine o IGS o In vitro 28-day release [80,90-97]
o Brimonidine tartarate-loaded o In vitro 48—72 h release, in vivo 72 h I0P reduction
Eudragit nanoparticle
o Brimonidine tartarate-filled chitosan o In vitro 4 h release, in vivo 8 h IOP reduction
nanoparticles
o PAMAM-dendrimer hydrogel-PLGA o In vitro 28-35-day release, in vivo 4-day IOP
nanoparticles reduction
o Ocular inserts o In vitro 24 h release, in vivo 24 h IOP reduction
o CLs o In vivo 7-day IOP reduction
o Ocular implant o In vitro 60-day release, in vivo 13-week IOP
reduction
o Hollow microneedles (MNs) o In vitro 35-day release, in vivo 1-month I0OP
reduction
Carbonic Acetazolami o Acetazolamide-loaded Eudragit o In vitro 7 h release, in vivo 8 h 0P reduction [98-103]
anhydrase de nanoparticles
inhibitors o Acetazolamide-filled cationic o In vitro 90-minute release
nanoemulsions
o Acetazolamide-loaded liposomes o In vivo 8 h IOP reduction
o Acetazolamide-loaded niosomes
o Acetazolamide-loaded carbosilane o In vivo 6 h IOP reduction
dendrimers
o In vivo 7 h IOP reduction
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Drug group Active Drug delivery system Efficacy Ref.
substance
Methazolam o Methazolamide-bound calcium o In vivo 18 h 10P reduction [104,105]
ide phosphate nanoparticles
o Methazolamide-filled SLNs o In vitro 8 h release, in vivo 8 h I0P reduction
Brinzolamid o IGS o In vitro 12 h release, in vivo 6 h IOP reduction [106-108]
e o Brinzolamide-loaded hydroxypropyl o In vitro 9 h release, in vivo 12 h 0P reduction
B-cyclodextrin liposomes o In vitro immediate release, in vivo 1 h IOP
o Nanocrystals reduction
Dorzolamid o IGS o In vitro 8 h release, in vivo 8 h I0OP reduction [109-116]
e o Dorzolamide-loaded poly(D,L- o In vitro 3-day release, in vivo 20 h IOP reduction
lactide-co-glycolide) nanoparticles o In vivo 6 h IOP reduction
o Dorzolamide hydrochloride-filled o In vitro 6 h release, in vivo 8 h IOP reduction
nanoemulsions o In vivo 24 h IOP reduction
o Dorzolamide-loaded liposomes o In vitro 18 h release, in vivo 2-week IOP reduction
o Dorzolamide with y-cyclodextrin o In vitro 48 h release, in vivo 48 h 0P reduction
o Ocular insert
0 ACUVUE® OASYS™ CLs
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Drug group Active Drug delivery system Efficacy Ref.
substance
Miotics Pilocarpine o Pilocarpine-loaded glutathione- o In vivo 14-day IOP reduction [117,118,119
PNIPAAM' IGS o In vitro 36-day release, in vivo 21-day IOP -123,124—

o Pilocarpine-loaded nanoparticles reduction 131]

o Pilocarpine-loaded liposomes o In vivo 9 h IOP reduction

o Pilocarpine-loaded dendrimers o In vivo 5 h IOP reduction

o B-cyclodextrin complex o Reduced the ocular irritation by preventing its rapid
absorption and precipitation in the pre-corneal area

o Pilocarpine-loaded nanocrystals o In vitro 20 h release

o Ocusert® - ocular insert o In vivo 7-day IOP reduction, withdrawn from the
market because of burst drug release and
dislocation problems

o CLs o In vitro 4 h release

o Collagen corneal shields o In vitro 14-day release

o Titanium MNs o In vitro 1-month release

o Pilocarpine-coated MNs o With the excellent penetration of MNs into the
sclera (up to 300pm) and a rapid dissolution rate of
active substances, MNs caused fast and extensive
constriction of a pupil

o Dissolving MN ocular patch o Provided a deliver significantly higher flux of

pilocarpine compared to pilocarpine solution
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PAs proved to be the most effective in IOP
lowering, of which latanoprost is most frequently
used as an active in the development of novel
drug delivery systems. As can be seen in Table 1,
different approaches were applied, of which
ocular implant showed the longest IOP reduction
effect in vivo. Nevertheless of all novel drug
delivery systems containing PAs, the longest IOP
reduction in vivo is clearly provided with
travoprost iDose ocular implant, which is at the
same time the longest-lasting effect of all novel
drug delivery systems for treating glaucoma.
Second in effectiveness are BBs, of which timolol
formulated as an ocular ring achieved a 6-month
IOP reduction as demonstrated in phase I
clinical trial. Pilocarpine, the most commonly
used miotic in glaucoma treatment is also
present in numerous novel drug delivery systems,
some of which are only available in vitro tests, as
no in vivo tests have been performed. A large
number of novel drug delivery systems are being
tested for brimonidine, whose ocular ring showed
a 13-week IOP reduction, the longest of all.

5. CONCLUSIONS

Although elevated IOP in glaucoma is treated
with six different groups of drugs they all have
different mechanisms of action, are not equally
effective and cause more or less serious side
effects. However, since glaucoma is recognized
as a major health problem, scientists are trying to
find a way to deal with it by developing novel
drug delivery systems, which are different
approaches with varying success and efficacy.
However, since the results available are obtained
using different methods, different tests and
formulation approaches, it is very difficult to
compare the effectiveness of novel drug delivery
systems. However, considering the extent and
number of available systems, we must be very
optimistic that each patient will receive the most
appropriate treatment for his glaucoma.

CONSENT

Not applicable.
ETHICAL APPROVAL
Not applicable

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

27

Rahic et al.; OR, 14(2): 17-33, 2021; Article no.OR.66197

REFERENCES

1. Bourne RRA, Stevens GA, White RA,
Smith JL, Flaxman SR, Price H, et al.
Causes of vision loss worldwide, 1990-
2010: A systematic analysis. Lancet Glob
Heal. 2013;1:339-49.

2. Stevens GA, White RA, Flaxman SR, Price
H, Jonas JB, Keeffe J, et al. Global
prevalence of vision impairment and
blindness: Magnitude and temporal trends,
1990-2010. Ophthalmology. 2013;120:
2377-84.

3. Tham YC, Li X, Wong TY, Quigley HA,
Aung T, Cheng CY. Global prevalence of
glaucoma and projections of glaucoma
burden through 2040: A systematic review
and meta-analysis. Ophthalmology. 2014;
121:2081-90.

4. Rahi¢ O, Tucak A, Omerovi¢ N, Sirbubalo
M, Hindija L, Hadziabdi¢ J, et al. Novel
drug delivery systems fighting glaucoma:
Formulation obstacles and solutions.
Pharmaceutics. 2021;13:1-58.

5. Burgoyne CF. Optic nerve: The glauco
matous optic nerve. In: Giaconi JA, Law
SK, Coleman AL, Caprioli J, editors. Pearls
of Glaucoma Management. Berlin:
Springer-Verlag; 2010;1-13.

6. Yadav KS, Rajpurohit R, Sharma S.
Glaucoma: Current treatment and impact
of advanced drug delivery systems. Life
Sci. 2019;221:362-76.

7. Braunger BM, Fuchshofer R, Tamm ER.
The aqueous humor outflow pathways in
glaucoma: A unifying concept of disease
mechanisms and causative treatment. Eur
J Pharm Biopharm. 2015;95:173-81.

8. Anderson DR. IOP: The importance of
intraocular pressure. In: Giaconi JA, Law
SK, Coleman AL, Caprioli J, editors. Pearls
of Glaucoma Management: Second
Edition. Berlin: Springer-Verlag. 2016;85—
90.

9. Clement CIl, Franzco HM, Bhartiya S,
Shaarawy T. New Perspectives on Target
Intraocular Pressure. Surv Ophthalmol.
2014;59:615-26.

10. Ventura WP, Freund M. Evidence for a
new class of uterine stimulants in rat
semen and male accessory gland
secretions. J Reprod Fertil. 1973;33:507—-
11.

11. Camras CB, Bito LZ, Eakins KE. Reduction
of intraocular pressure by prostaglandins
applied topically to the eyes of conscious



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

rabbits. Investig Ophthalmol Vis Sci.
1977;16:1125-34.

Shaarawy TM, Sherwood MB, Hitchings
RA, Crowston JG. Glaucoma. Medical
Diagnosis & Therapy. 2nd ed. Amsterdam:
Sounders Elsevier; 2009.

Netland PA. Glaucoma medical therapy.
principles and management. 2nd ed.
Oxford: Oxford University Press; 2008.
Alexander CL, Miller SJ, Abel SR.
Prostaglandin  analog  treatment  of
glaucoma and ocular hypertension. Ann
Pharmacother. 2002;36:504—11.

Fung DS, Whitson JT. An evidence-based
review of unoprostone isopropyl
ophthalmic solution 0.15% for glaucoma:
Place in therapy. Clin Ophthalmol. 2014;8:
543-54.

Camras CB, Toris CB, Sjoquist B, Milleson
M, Thorngren JO, Hejkal TW, et al.
Detection of the free acid of bimatoprost in
Aqueous Humor Samples from human
eyes treated with bimatoprost before.
Ophthalmology. 2004;111:2193-8.
Crowston JG, Lindsey JD, Morris CA,
Wheeler L, Medeiros FA, Weinreb RN.
Effect of bimatoprost on intraocular
pressure in prostaglandin FP receptor
knockout Mice. Investig Ophthalmol Vis
Sci. 2005;46:4571-7.

Ota T, Aihara M, Saeki T, Narumiya S,
Araie M. The Effects of Prostaglandin
Analogues on Prostanoid EP1, EP2, and
EP3 Receptor-Deficient Mice. Investig
Opthalmology Vis Sci. 2006;47:3395-9.
Toris CB, Camras CB, Yablonski ME,
Brubaker RF. Effects of exogenous
prostaglandins on  aqueous  humor
dynamics and blood- aqueous barrier
function. Surv Ophthalmol. 1997;41:69-75.
Weinreb RN, Toris CB, Gabelt BT, Lindsey
JD, Kaufman PL. Effects of prostaglandins
on the aqueous humor outflow pathways.
Surv Ophthalmol. 2002;47:53-64.

Toris CB, AlIm A, Camras CB. Latanoprost
and cholinergic agonists in combination.
Surv Ophthalmol. 2002;47:141-147.
Christiansen GA, Nau CB, Mclaren JW,

Johnson DH. Mechanism of ocular
hypotensive  action of  bimatoprost
(Lumigan) in patients with ocular

hypertension or glaucoma. Ophthalmology.
2004;111:1658-62.

Dinslage S, Hueber A, Diestelhorst M,
Krieglstein GK. The influence of
Latanoprost 0.005% on aqueous humor

28

24,

25.

26.

27.

28.

290.

30.

31.

32.

33.

34.

Rahic et al.; OR, 14(2): 17-33, 2021; Article no.OR.66197

flow and outflow facility in glaucoma
patients: A double-masked placebo-
controlled clinical study. Graefe’s Arch Clin
Exp Ophthalmol. 2004;242:654—60.

Toris CB, Zhan G, Camras CB. Increase in
Outflow  Facility = With  Unoprostone
Treatment in Ocular Hypertensive Patients.
Arch Ophthalmol. 2004;122:1782-7.

Toris CB, Zhan G, Camras CB, Mclaughlin
MA. Effects of travoprost on aqueous
humor dynamics in Monkeys. J Glaucoma.
2005;14:70-3.

Weinreb RN, Lindsey JD.
Metalloproteinase gene transcription in
human ciliary muscle cells with

latanoprost. Investig Ophthalmol Vis Sci.
2002;43:716-22.

Sharif NA, Kelly CR, Crider JY. Agonist
activity of  bimatoprost, travoprost,
latanoprost, unoprostone isopropyl ester
and other prostaglandin analogs at the
cloned human ciliary body FP
prostaglandin receptor. J Ocul Pharmacol
Ther. 2002;18:313-24.

Toris CB, Zhan G, Fan S, Dickerson JE,
Landry TA, Bergamini MVW, et al. Effects
of Travoprost on Aqueous Humor
Dynamics in Patients With Elevated
Intraocular Pressure. J Glaucoma. 2007;
16:189-95.

Toris CB, Gabelt BT, Kaufman PL. Update
on the Mechanism of Action of Topical

Prostaglandins for Intraocular Pressure
Reduction. Surv Ophthalmol. 2008;53:
107-120.

Quaranta L, Riva |, Katsanos A, Floriani I,
Centofanti M, Konstas AGP. Safety and
efficacy of travoprost solution for the
treatment of elevated intraocular pressure.
Clin Ophthalmol. 2015;9:633—-43.

Sharif NA, Kelly CR, Crider JY. Human
trabecular meshwork cell responses
induced by bimatoprost, travoprost,
unoprostone, and other FP prostaglandin
receptor agonist analogues. Investig
Ophthalmol Vis Sci. 2003;44:715-21.
Stamper RL, Lieberman MF, Drake MV.
Prostaglandins. In: Becker-Shaffer's
diagnosis and therapy of the glaucomas:
Eighth edition. Amsterdam: Elsevier Inc.
2009;359-75.

Toris C. Glaucoma. in: Reference module
in biomedical sciences. Elsevier. 2014;1-7.
Lindén C, Alm A. The effect on intraocular
pressure of latanoprost once or four times
daily. Br J Ophthalmol. 2001;85:1163—6.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Brandt JD, Van Denburgh AM, Chen K,
Whitcup SM. Comparison of once- or
twice-daily bimatoprost with twice-daily
timolol in patients with elevated IOP: A 3-

month  clinical trial.  Ophthalmology.
2001;108:1023-31.
Sherwood M, Brandt J. Six-month

comparison of bimatoprost once-daily and
twice-daily with timolol twice-daily in
patients with elevated intraocular pressure.
Surv Ophthalmol. 2001;45:361—
368.

Herndon LW, Asrani SG, Williams GH,
Challa P, Lee PP. Paradoxical intraocular
pressure elevation after combined therapy
with latanoprost and bimatoprost. Arch
Ophthalmol. 2002;120:847-9.

Jonas JB, Aung T, Bourne RR, Bron AM,
Ritch R, Panda-Jonas S. Glaucoma.
Lancet. 2017;390:2183-93.

Hedner J, Everts B, Strom Modller C.
Latanoprost and respiratory function in
asthmatic patients: Randomized, double-
masked, placebo-controlled crossover
evaluation. Arch Ophthalmol.
1999;117:1305-9.

FDA. Drug Trials Snapshots:
2017.

Accessed: 25 January 2021.
Available: https://www.fda.gov/drugs/drug-
approvals-and-databases/drug-trials-
snapshots-vyzulta.

Weinreb RN, Ong T, Sforzolini BS, Vittitow
JL, Singh K, Kaufman PL, et al. A

Vyzulta;

randomised, controlled comparison of
latanoprostene bunod and latanoprost
0.005% in the treatment of ocular

hypertension and open angle glaucoma:
The VOYAGER study. Br J Ophthalmol.
2015;99:738-45.

Phillips Cl, Howitt G, Rowlands DJ.
Propranolol as ocular hypotensive agent.
Br J Ophthalmol. 1967;51:222-6.

Hopkins G, Pearson R. Ophthalmic Drugs:
Diagnostic and therapeutic uses. 5th ed.
Amsterdam: Elsevier; 2007.

Orme M, Collins S, Dakin H, Kelly S,
Loftus J. Mixed treatment comparison and
meta-regression of the efficacy and safety
of prostaglandin analogues and
comparators for primary open-angle
glaucoma and ocular hypertension. Curr
Med Res Opin. 2010;26:511-28.

Barnes J, Moshirfar M. Timolol. StatPearls;
2020.

Accessed: 1 February 2021.

29

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Rahic et al.; OR, 14(2): 17-33, 2021; Article no.OR.66197

Available:https://www.ncbi.nlm.nih.gov/boo
ks/NBK545176/.

Woodward DF, Dowling MC, Feldmann BJ,
Chen J. Topical timolol, at conventional,
unilateral doses causes bilateral ocular 8-
blockade in rabbits. Exp Eye Res.
1987;44:319-29.

Toris CB, Tafoya ME, Camras CB,
Yablonski ME. Effects of apraclonidine on
aqueous humor dynamics in human eyes.
Ophthalmology. 1995;102:456—61.

Toris CB, Gleason ML, Camras CB,
Yablonski ME. Effects of brimonidine on
aqueous humor dynamics in human eyes.
Arch Ophthalmol. 1995;113:1514-7.
Kodjikian L, Durand B, Burillon C,
Rouberol F, Grange JD, Renaudier P.
Acetazolamide-induced thrombocytopenia.
Arch Ophthalmol. 2004;122:1543—-4.
Fraunfelder FT, Bagby GC. Monitoring
patients taking oral carbonic anhydrase

inhibitors. Am J Ophthalmol.
2000;130:221-3.
FDA. Drug Trials Snapshots:

RHOPRESSA; 2020.

Accessed: 25 January 2021.
Available:https://www.fda.gov/drugs/drug-
approvals-and-databases/drug-trials-
snapshots-rhopressa.

Ren R, Li G, Le TD, Kopczynski C, Stamer
WD, Gong H. Netarsudil Increases Outflow
Facility in Human Eyes Through Multiple
Mechanisms. Investig Ophthalmol Vis Sci.
2016;57:6197-209.

Dhanapal R, Ratna VJ. Ocular drug
delivery system — a review. Int J Innov
Drug Discov. 2012;2:4-15.

Agrawal AK, Das M, Jain S. In situ gel
systems as ‘smart’ carriers for sustained
ocular drug delivery. Expert Opin Drug
Deliv. 2012;9:383-402.

Almeida H, Amaral MH, Lobdo P, Lobo
JMS. In situ gelling systems: A strategy to
improve the bioavailability of ophthalmic
pharmaceutical formulations. Drug Discov
Today. 2014;19:400-12.

Newman Casey PA, Robin AL, Blachley T,
Farris K, Heisler M, Resnicow K, et al. The
most common barriers to glaucoma
medication adherence: A cross-sectional
survey. Ophthalmology. 2015;122:1308—
16.

Sasaki H, Yamamura K, Nishida K,
Nakamura J, Ichikawa M. Delivery of drugs
to the eye by topical application. Prog
Retin Eye Res. 1996;15:583-620.



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

58.Natarajan JV, Darwitan A, Barathi VA,
Ang M, Htoon HM, Boey F, et al. Sustained
drug release in nanomedicine: A long
acting nanocarrier based formulation for
glaucoma. ACS Nano. 2014;8:419-29.
Natarajan JV, Ang M, Darwitan A,
Chattopadhyay S, Wong TT, Venkatraman
SS. Nanomedicine  for  glaucoma:
Liposomes provide sustained release of
latanoprost in the eye. Int J Nanomedicine.
2012;7:123-31.

Rodriguez Aller M, Guinchard S, Guillarme
D, Pupier M, Jeannerat D, Rivara Minten

E, et al. New prostaglandin analog
formulation for glaucoma treatment
containing cyclodextrins for improved

stability, solubility and ocular tolerance.
Eur J Pharm Biopharm. 2015;95:203-14.
Crawford KS, Ellis JY, Rulander J,
Johnston S, Lai F, Leahy CD. Sustained
Delivery of Prostaglandin from Drug-
Containing Depots Using Ocular Rings in
Beagles. Invest Ophthalmol Vis Sci.
2013;54:5073.

Yellepeddi VK, Sheshala R, Mc Millan H,
Gujral C, Jones D, Raghu Raj Singh T.
Punctal plug: A medical device to treat dry
eye syndrome and for sustained drug
delivery to the eye. Drug Discov Today.
2015;20:884-9.

Capitena Young CE, Kahook MY, Seibold
LK. Novel drug delivery systems for the
treatment of glaucoma. Curr Ophthalmol
Rep. 2019;7:143-9.

Ciolino JB, Stefanescu CF, Ross AE,
Salvador Culla B, Cortez P, Ford EM, et al.
In vivo performance of a drug-eluting
contact lens to treat glaucoma for a month.
Biomaterials. 2014;35:432-9.

Polyactiva Pty Ltd. Glaucoma Program;
2021.

Accessed: 5 October 2020.
Available:https://polyactiva.com/products/gl
aucoma-program/.

Navratil T, Garcia A, Tully J, Maynor B,
Ahmed IIK, Budenz DL, et al. Preclinical
evaluation of ENV515  (travoprost)
intracameral implant - Clinical candidate
for treatment of glaucoma targeting six-
month  duration of action. Invest
Ophthalmol Vis Sci. 2014;55:3548.
Schweitzer JA, Ibach M. Sustained-release
drug delivery: The future of glaucoma
treatment. Glaucoma Today.. 2016;43—45.
Shouchane Blum K, Geffen N, Zahavi A.
Sustained drug delivery platforms — A new

30

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Rahic et al.; OR, 14(2): 17-33, 2021; Article no.OR.66197

era for glaucoma treatment. Clin Exp Vis
Eye Res. 2019;2:22-9.

Franca JR, Foureaux G, Fuscaldi LL,
Ribeiro TG, Rodrigues LB, Bravo R, et al.
Bimatoprost-loaded ocular inserts as
sustained release drug delivery systems
for glaucoma treatment: In Vitro and in
Vivo evaluation. PLoS One. 2014;9.

DOI: 10.1371/journal.pone.0095461.
Brandt JD, Sall K, DuBiner H, Benza R,
Alster Y, Walker G, et al. Six-month
intraocular pressure reduction with a
topical bimatoprost ocular insert: Results of
a Phase Il randomized controlled study.
Ophthalmology. 2016;123:1685-94.

Brandt JD, Du Biner HB, Benza R, Sall KN,
Walker GA, Semba CP. Long term safety
and efficacy of a sustained-release
bimatoprost ocular ring. Ophthalmology.
2017;124:1565-6.

Lee SS, Dibas M, Almazan A, Robinson
MR. Dose-response of intracameral
bimatoprost sustained-release implant and
topical bimatoprost in lowering intraocular
pressure. J Ocul Pharmacol Ther.
2019;35:138-44.

Burgalasi S, Chetoni P, Panichi L, Boldrini
E, Saettone MF. Xyloglucan as a novel
vehicle for Timolol: Pharmacokinetics and
pressure lowering activity in Rabbits. J
Ocul Pharmacol Ther. 2000;16:497-509.
Saettone MF, Salminen L. Ocular inserts
for topical delivery. Adv Drug Deliv Rev.
1995;16:95-106.

Leahy CD, Ellis EJ, Ellis JY, Crawford KS.
Efficacy of a Topical Ocular Drug Delivery
Device (TODDD) for the Treatment of
Glaucoma by Telemetric Measurement of
IOP in the Normal Rabbit. Invest
Ophthalmol Vis Sci. 2007;48:5816.

Peng CC, Kim J, Chauhan A. Extended
delivery of hydrophilic drugs from silicone-
hydrogel contact lenses containing Vitamin
E diffusion barriers. Biomaterials.
2010;31:4032-47.

Cao Y, Zhang C, Shen W, Cheng Z, Yu L,
Ping Q. Poly(N-isopropylacrylamide)-
chitosan as thermosensitive in situ gel-
forming system for ocular drug delivery. J
Control Release. 2007;120:186—-194.
Attama AA, Reichl S, Miller Goymann CC.
Sustained release and permeation of
timolol from surface-modified solid lipid
nanoparticles  through  bioengineered
human cornea. Curr Eye Res.
2009;34:698-705.



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Wadhwa S, Paliwal R, Paliwal SR, Vyas
SP. Hyaluronic acid modified chitosan
nanoparticles for effective management of
glaucoma: Development, characterization,
and evaluation. J Drug Target.
2010;18:292-302.

Yu S, Wang QM, Wang X, Liu D, Zhang W,
Ye T, et al. Liposome incorporated ion
sensitive in situ gels for ophthalmic
delivery of timolol maleate. Int J Pharm.
2015;480:128-36.

Kaur IP, Aggarwal D, Singh H, Kakkar S.
Improved ocular absorption kinetics of
timolol maleate loaded into a bioadhesive
niosomal delivery system. Graefe’s Arch
Clin Exp Ophthalmol. 2010;248:1467-72.
Aggarwal D, Kaur IP. Improved
pharmacodynamics of timolol maleate from
a mucoadhesive niosomal ophthalmic drug
delivery system. Int J Pharm.
2005;290:155-9.

Yang H, Leffler CT. Hybrid dendrimer
hydrogel/poly(lactic-Co-glycolic acid)
nanoparticle platform: An advanced vehicle
for topical delivery of antiglaucoma drugs
and a likely solution to improving
compliance and adherence in glaucoma
management. J Ocul Pharmacol Ther.
2013;29:166-72.

Urtti A, Pipkin JD, Rork G, Repta AJ.
Controlled drug delivery devices for
experimental ocular studies with timolol 1.
In vitro release studies. Int J Pharm.
1990;61:235-40.

Huang W, Zhang N, Hua H, Liu T, Tang Y,
Fu L, et al. Preparation, pharmacokinetics
and pharmacodynamics of ophthalmic
thermosensitive in  situ hydrogel of
betaxolol hydrochloride. Biomed
Pharmacother. 2016;83:107-13.

Li J, Tian S, Tao Q, Zhao Y, Gui R, Yang
F, et al. Montmorillonite/chitosan
nanoparticles as a novel controlled-release
topical ophthalmic delivery system for the
treatment of glaucoma. Int J
Nanomedicine. 2018;13:3975-87.

Weinreb RN, Caldwell DR, Goode SM,
Horwitz BL, Laibovitz R, Shrader CE, et al.
A double-masked three-month comparison
between 0.25% betaxolol suspension and
0.5% betaxolol ophthalmic solution. Am J
Ophthalmol. 1990;110:189-92.

Spataro G, Malecaze F, Turrin CO, Soler
V, Duhayon C, Elena PP, et al. Designing
dendrimers for ocular drug delivery. Eur J
Med Chem. 2010;45:326-34.

31

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Rahic et al.; OR, 14(2): 17-33, 2021; Article no.OR.66197

Avinash K, Ajay S. Formulation and
evaluation of thermoreversible in situ
ocular gel of clonidine hydrochloride for
glaucoma. Pharmacophore. 2015;6:220—
32.

Bellotti E, Fedorchak MV, Velankar S, Little
SR. Tuning of thermoresponsive pNIPAAmM
hydrogels for the topical retention of
controlled release ocular therapeutics. J
Mater Chem B. 2019;7:1276-83.

Bhagav P, Upadhyay H, Chandran S.
Brimonidine tartrate-eudragit long-acting
nanoparticles: Formulation, optimization, in

vitro and in vivo evaluation. AAPS
PharmSciTech. 2011;12:1087-101.
Singh KH, Shinde UA. Chitosan

nanoparticles for controlled delivery of
brimonidine tartrate to the ocular
membrane. Pharmazie. 2011;66:594-9.
Yang H, Tyagi P, Kadam RS, Holden CA,
Kompella UB. Hybrid dendrimer
hydrogel/PLGA  nanoparticle  platform
sustains drug delivery for one week and
antiglaucoma effects for four days
following one-time topical administration.
ACS Nano. 2012;6:7595-606.

Shivakumar HN, Desai BG, Subhash PG,
Ashok P, Hulakoti B. Design of ocular
inserts of brimonidine tartrate by response
surface methodology. J Drug Deliv Sci
Technol. 2007;17:421-30.

Sun J, Lei Y, Dai Z, Liu X, Huang T, Wu J,
et al. Sustained release of brimonidine
from a New composite drug delivery
system for treatment of glaucoma. ACS
Appl Mater Interfaces. 2017;9:7990-9.
Samy KE, Cao Y, Kim J, Konichi Da Silva
NR, Phone A, Bloomer MM, et al. Co-
Delivery of Timolol and Brimonidine with a
Polymer Thin-Film Intraocular Device. J
Ocul Pharmacol Ther. 2019;35:124-31.
Chiang B, Kim YC, Doty AC, Grossniklaus
HE, Schwendeman SP, Prausnitz MR.
Sustained reduction of intraocular pressure
by supraciliary delivery of brimonidine-
loaded poly(lactic acid) microspheres for
the treatment of glaucoma. J Control
Release. 2016;228:48-57.

Rathod LV, Kapadia R, Sawant KK. A
novel nanoparticles impregnated ocular
insert for enhanced bioavailability to
posterior segment of eye: In vitro, in vivo
and stability studies. Mater Sci Eng C.
2017;71:529-40.

Singh J, Chhabra G, Pathak K
Development of acetazolamide-loaded,



100.

101.

102.

103.

104.

105.

106.

107.

108.

pH-triggered polymeric nanoparticulate in
situ gel for sustained ocular delivery: In
vitro. ex vivo evaluation and
pharmacodynamic study. Drug Dev Ind
Pharm. 2014;40:1223-32.

Tamilvanan S, Kumar BA. Influence of
acetazolamide loading on the (in vitro)
performances of non-phospholipid-based
cationic nanosized emulsion in comparison
with  phospholipid-based anionic and
neutral-charged nanosized emulsions.
Drug Dev Ind Pharm. 2011;37:1003-15.
Hathout RM, Mansour S, Mortada ND,
Guinedi AS. Liposomes as an ocular
delivery system for acetazolamide: In vitro
and in vivo studies. AAPS PharmSciTech.
2007;8:E1-E12.

Aggarwal D, Pal D, Mitra AK, Kaur IP.
Study of the extent of ocular absorption of
acetazolamide from a developed niosomal
formulation, by microdialysis sampling of
agueous humor. Int J Pharm.
2007;338:21-6.

Bravo Osuna |, Vicario De La Torre M,
Andrés Guerrero V, Sanchez Nieves J,
Guzman Navarro M, De La Mata FJ, et al.
Novel water-soluble mucoadhesive
carbosilane  dendrimers  for  ocular
administration. Mol Pharm. 2016;13:2966—
76.

Chen R, Qian Y, Li R, Zhang Q, Liu D,
Wang M, et al. Methazolamide calcium
phosphate nanoparticles in an ocular
delivery  system. Yakugaku Zasshi.
2010;130:419-24.

Li R, Jiang S, Liu D, Bi X, Wang F, Zhang
Q, et al. A potential new therapeutic
system for glaucoma: Solid lipid
nanoparticles containing methazolamide. J
Microencapsul. 2011;28:134—41.

Bhalerao H, Koteshwara KB, Chandran S.
Brinzolamide dimethyl sulfoxide in situ
gelling ophthalmic solution: Formulation
optimisation and In Vitro and In Vivo
Evaluation. AAPS PharmSciTech. 2020;
21:1-15.

Wang F, Bao X, Fang A, Li H, Zhou Y, Liu
Y, et al. Nanoliposome-encapsulated
brinzolamide-hydropropyl--cyclodextrin
inclusion complex: A potential therapeutic
ocular  drug-delivery  system.  Front
Pharmacol. 2018;9:1-9.

Tuomela A, Liu P, Puranen J, Ronkkd S,
Laaksonen T, Kalesnykas G, et al.
Brinzolamide nanocrystal formulations for
ophthalmic delivery: Reduction of elevated

32

Rahic et al.; OR, 14(2): 17-33, 2021; Article no.OR.66197

109.

110.

111.

112.

113.

114.

115.

116.

117.

intraocular pressure in vivo. Int J Pharm.
2014;467:34-41.

Kouchak M, Mahmoodzadeh M, Farrahi F.
Designing of a pH-Triggered
Carbopol®HPMC In Situ Gel for Ocular
Delivery of Dorzolamide HCI: In Vitro, In
Vivo, and Ex Vivo Evaluation. AAPS
PharmSciTech. 2019;20:1-8.

Warsi MH, Anwar M, Garg V, Jain GK,
Talegaonkar S, Ahmad FJ, et al
Dorzolamide-loaded  PLGA/vitamin E
TPGS nanoparticles for glaucoma therapy:
Pharmacoscintigraphy study and
evaluation of extended ocular hypotensive
effect in rabbits. Colloids Surfaces B
Biointerfaces. 2014;122:423-31.

Ammar HO, Salama HA, Ghorab M,
Mahmoud AA. Nanoemulsion as a
potential ophthalmic delivery system for
dorzolamide hydrochloride. AAPS
PharmSciTech. 2009;10:808-19.

Kouchak M, Bahmandar R, Bavarsad N,
Farrahi F. Ocular dorzolamide
nanoliposomes  for  prolonged IOP
reduction: In-vitro and in-vivo evaluation in
rabbits. Iran J Pharm Res. 2016;15:205-
12.

Kouchak M, Malekahmadi M, Bavarsad N,
Saki Malehi A, Andishmand L.
Dorzolamide nanoliposome as a long
action ophthalmic delivery system in open
angle glaucoma and ocular hypertension
patients. Drug Dev Ind Pharm.
2018;44:1239-42.

Jansook P, Stefansson E, Thorsteinsdottir
M, Sigurdsson BB, Kristjansdéttir SS, Bas
JF, et al. Cyclodextrin solubilization of
carbonic anhydrase inhibitor drugs:
Formulation of dorzolamide eye drop
microparticle suspension. Eur J Pharm
Biopharm. 2010;76:208-14.

Franca JR, Foureaux G, Fuscaldi LL,
Ribeiro TG, Castilho RO, Yoshida M, et al.
Chitosan/hydroxyethyl cellulose inserts for
sustained-release of dorzolamide for
glaucoma treatment: In vitro and in vivo
evaluation. Int J Pharm. 2019;570:118662.
Hsu KH, Carbia BE, Plummer C, Chauhan
A. Dual drug delivery from vitamin e loaded
contact lenses for glaucoma therapy. Eur J
Pharm Biopharm. 2015;94:312-21.

Lai JY, Luo LJ, Nguyen DD. Multifunctional
glutathione-dependent hydrogel eye drops
with enhanced drug bioavailability for
glaucoma therapy. Chem Eng J.
2020;402:126190.



118.

119.

120.

121.

122.

123.

124.

Liao Y Te, Lee CH, Chen ST, Lai JY, Wu
KCW. Gelatin-functionalized mesoporous
silica nanoparticles with sustained release
properties for intracameral pharmaco-
therapy of glaucoma. J Mater Chem B.
2017;5:7008-13.

Agban Y, Lian J, Prabakar S, Seyfoddin A,

Rupenthal ID. Nanoparticle cross-linked
collagen shields for sustained delivery of
pilocarpine hydrochloride. Int J Pharm.
2016;501:96—-101.

Hillman JS. Management of acute
glaucoma  with  pilocarpine  soaked
hydrophilic lens. Br J Ophthalmol.
1974;58:674-9.

Khandan O, Kahook MY, Rao MP.

Fenestrated microneedles for ocular drug
delivery. Sensors Actuators, B Chem.
2016;223:15-23.

Jiang J, Gill HS, Ghate D, McCarey BE,
Patel SR, Edelhauser HF, et al. Coated
microneedles for drug delivery to the eye.
Investig Ophthalmol Vis Sci. 2007;48:
4038-43.

Thakur RRS, Fallows SJ, McMillan HL,
Donnelly RF, Jones DS. Microneedle-
mediated intrascleral delivery of in situ
forming thermoresponsive implants for
sustained ocular drug delivery. J Pharm
Pharmacol. 2014;66:584—-95.

Monem AS, Ali FM, Ismail MW. Prolonged

effect of liposomes encapsulating
pilocarpine HCI in normal and
glaucomatous rabbits. Int J Pharm.

2000;198:29-38.

Rahic et al.; OR, 14(2): 17-33, 2021; Article no.OR.66197

125.

126.

127.

128.

129.

130.

131.

Vandamme TF, Brobeck L.
Poly(amidoamine) dendrimers as
ophthalmic vehicles for ocular delivery of
pilocarpine nitrate and tropicamide. J
Control Release. 2005;102:23-38.

Jarho P, Jarvinen K, Urtti A, Stella VJ,
Jarvinen T. Modified B-cyclodextrin (SBE7-
B-CyD) with viscous vehicle improves the
ocular delivery and tolerability of
pilocarpine prodrug in rabbits. J Pharm
Pharmacol. 1996;48:263-9.

Orasugh JT, Sarkar G, Saha NR, Das B,
Bhattacharyya A, Das S, et al. Effect of
cellulose nanocrystals on the performance
of drug loaded in situ gelling thermo-
responsive ophthalmic formulations. Int J
Biol Macromol. 2019;124:235-45.

Thakur RRS, Tekko I, McAvoy K, McMillan
H, Jones D, Donnelly RF. Minimally
invasive microneedles for ocular drug
delivery. Expert Opin Drug Deliv.
2017;14:525-37.

Karthikeyan D, Bhowmick M, Pandey V,
Nandhakumar J, Sengottuvelu S, Sonkar
S, et al. The concept of ocular inserts as
drug delivery systems: An overview. Asian
J Pharm. 2008;2:192—200.

Singh RB, Ichhpujani P, Thakur S, Jindal
S. Promising therapeutic drug delivery sys
tems for glaucoma: A comprehensive re
view. Ther Adv Ophthalmol. 2020;12:1-17.
Bertens CJF, Gijs M, Van Den Biggelaar
FJHM, Nuijts RMMA. Topical drug delivery
devices: A review. Exp Eye Res.
2018;168:149-60.

© 2021 Rahic et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sdiarticle4.com/review-history/66197

33



