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ABSTRACT

Conveying the therapeutic agent to the human eye has been a struggling task for formulators and scientists because of the complicated arrangement
of the eye. The therapeutic agents needed to deliver the drugs to specific sites of the eye require the crossing of various ocular barriers, which act as
hitches for drug delivery. Conventional preparations present in the market do not achieve the desired therapeutic results due to their lower
bioavailability, less retention time, or difficulty in reaching the site of action. In a need to overcome the challenges with these preparations, various
modern technologies are being applied to address the same with outstanding results. The purpose of the present review is to focus on several
innovative approaches, viz., the development of novel ocular drug delivery systems including liposomes, niosomes, nano-wafers, cubosomes,
microneedles, dendrimers, and many others, adopted to combat various ocular diseases. In the present review, various novel formulations and drug
delivery approaches have been taken into consideration, as developed, and reported by various scientists and researchers working in the field of

ocular drug delivery systems.
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INTRODUCTION

The human eye is an extremely Byzantine and delicate part
consisting of numerous anatomical and physiological barriers,
required to be focused while designing for targeting the eye [1]. A
brief anatomical overview of the eye shows that it can be partitioned
into two primary areas comprising of anterior and posterior
sections, each section encountering with variety of ailments [2]. The
presence of different defensive hindrances, along with the
anatomical and physiological highlights, has offered a big
impediment for formulators and researchers in delivering the
therapeutic agents to the eye [3]. The definitive motivation behind
any type of ocular drug conveyance is to limit dose recurrence,
sustain curative drug concentration at the active site, and resolve
different ocular hindrances. Most essentially, no detrimental effect
should be seen in the eye through the drug delivery process and the
fabricated delivery system should increase the availability of the
drugs at the site [4]. Even though being patient-compliant and
noninvasive, conventional formulations, such as eye drops, have
been the least beneficial and the cause of the same may be attributed
to the limited surface area, tear turnover, protein binding,
nasolacrimal voidance, enzyme deprivation, and penetration
barriers like corneal, blood-fluid and blood-retinal barrier and
minimal contact time resulting in decreased ocular biodistribution
(<5%), hence, struggling to convey ample amount of drug to the
retinal tissues because of the existence of assorted expulsion
restrictions. The downside of the low bioavailability of therapeutics
can also be attributed to the time the medication is left on the eye's
surface, which impacts the achievement pace of the therapy [5, 6]. In
the current decades, there has been a progressive improvement in
ophthalmic medication delivery with the development of
revolutionary delivery systems and by, culminating in newer clinical
interventions for eye disorders [4]. Developments of the plan and
exploratory investigation of new formulations have geared towards
expanding the residence period in the ocular region, as well as
creating intact and competent frameworks that are fit for
maximizing permeation by various methods [5, 6]. To achieve the
desired therapeutic outcome, many new methods of drug delivery
are employed to ensure the bioavailability of the medicine in ocular
drug delivery.

The fusion of nanotechnology and ophthalmic drug delivery has
paved the way designed for precise and focused approaches [7]. Paul

et al. (2012) has reported an interesting overview on patented
nanotechnology used for ocular drug delivery in Recent Patents on
Nanomedicine journal. Modern developments in nanotechnology
have made a major prospect for the successful delivery of both
poorly soluble and permeable drugs into the human eye. Colloidal
systems, for example, can be developed to enhance the solubility of
water-insoluble drugs, allowing topical as well as intravitreal drug
delivery [8]. A drug administration technique based on nanocarriers
has been extensively studied to improve the ocular bioavailability of
inappropriately soluble medicines and has been shown to be
successful.

We searched the studies in three English databases, including
PubMed, Google Scholar and Elsevier website, for the last ten years
to find all papers regarding ocular drug delivery systems. Papers
with any language having an English abstract were included in the
first step of the search. We used the following words and terms
including: “ocular drug delivery latest approaches”, “novel
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formulations for ocular delivery of drugs”, “cubosomes preparation
for ocular delivery”, “niosomes”, “liposomes formulation for ocular
drug delivery”, “in situ gels”, “nanowafers”, “microneedles
preparation for ocular drug delivery”. Inclusion criteria in the
present study were the studies assessing the conventional and novel
approaches included so far in the formulation and type of
administration of the ocular drug delivery systems, highlighting the
revolutionary newer approaches, but the papers with insufficient
data, the abstract without full text, in conformity between methods
and results, the inappropriate explanation of the findings were
excluded from this review.

Novel approaches for ocular drug delivery
Liposomes

They are lipid-containing vesicular structures made of phospholipid
bilayers entrapping an aqueous core [9]. Phospholipids are
amphiphilic, having hydrophilic heads and hydrophobic tails. The
hydrophilic section comprises more phosphoric acid bundled with
water-soluble molecules, while the hydrophobic section comprises
of two fatty acid chains. Liposomal structures are categorized
according to their size and phospholipid bilayers. They can be
labeled as small unilamellar (10-100 nm), large unilamellar (100-
300 nm), and multilamellar (>300 nm). The existence of lipid layers
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and an aqueous core makes their structure unique and helps in the
incorporation of both hydrophilic and lipophilic materials within the
structure. The lipid membrane fuses with other cell membranes to
discharge the material to supply the required drug molecules to the
site, where it is to be utilized [10].

The biocompatibility of liposomes is greater than that of a polymer-
based device. The amphiphilic design of corneal membranes can
serve as an impediment for the transport of drugs. For the drug
preparation to penetrate the cornea it ought to have stability
between its lipophilicity and hydrophilicity and as liposomes are
amphipathic molecules with strong biocompatibility, they can be
used to overcome the penetration problem. As the cornea is charged
negatively and is much more permeable to cations than anions at
normal pH, the cationic formulations easily infiltrate the cornea
more than the anionic ones. Modifications of the surface load of
liposomes by inserting cationic lipids can confer attractive
properties, ie., they may lead to an improved precorneal residence
time of the drug [7]. Schaeffer and Krohn (1982) have explored the
impact of the colloid charge on corneal absorption in vitro by
monitoring  14C-liposomal  phosphatidylcholine and  14C-
encapsulated penicillin and observed that absorption of liposomes
by the cornea has occurred in the order, positive>negative>neutral.
A four-fold rise in penicillin G transcorneal flow has been found to
occur with the most powerful formulation, ie., positive SUV. The
bioavailability of tropicamide, as evaluated by its dilatory pupil
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reaction, has been shown to be more potent in positively charged
liposomes than that in the subsequent neutral preparation. The
addition of a cationic charge to the vesicles has led to the
enhancement of the viscosity of the formulation, i.e., the residence
time of the drug, to the eye surface [2].

Phospholipid
Bilayer

suv Luv Guv
<100 nm  100-1000 nm >1um

Structure and types of liposomes

Fig. 1: Liposome structure and types [2]

Table 1: Experimented data for liposomal formulations

Liposomal formulations Description/Results Reference
Liposomes of Coenzyme Q10 (CoQ10) Mucoadhesion techniques enhanced the time of residency in the precorneal tissue portion [11]
coated with trimethyl chitosan. of the rabbit eye.

Timolol maleate gelatinized liposome

Metwally AA et al. demonstrated that this therapy resulted in reduced intraocular pressure [12]

treatment (IOP) when examined in vivo on glaucomatous rabbit's eyes.

Ganciclovir liposomes
to ganciclovir solution.

C6-ceramide filled in liposomes

Azithromycin liposomes

This showed a 2-10 times the elevated concentration of drug in sclera and cornea relative [13]

Demonstrated to be equipped for treatment of inflammation of the front portion of the eye. [14]
Tang X et al. researched in vivo pharmacodynamics trials in rats discovered a decline in [15]
manifestations of dry eye infection.

Cubosomes

Cubosomes are disjunct, bicontinuous, nanostructured (100-300
nm), self-assembled cubic liquid crystalline phase particles [16].
Their design involves bicontinuous, curved lipid bilayers illustrating
the three-dimensional honeycombed configuration, which gives
them improved stabilization under an aqueous environment. They
are composed principally of amphiphilic lipids, stabilizer/surfactant,
and water. Surfactants offer colloidal stabilization to the prepared
cubosomes. The cubic arrangement of cubosomes contains various
channels of water inside them. As a result of being comprised of
amphiphilic lipids and having watery ducts, they are capable of
incorporating a variety of molecules with moderately greater
stacking proficiency [17]. They have been shown to perk up the
ocular bioavailability of the drugs loaded in them as they have a
longer residence time at the corneal surface [18]. One of the major
limitations of cubosomes is their contribution to drug leakage and
low drug loading efficiency during processing, preservation, and

transport, thereby serving as a barrier to drug stability and thereby
restricting their use [19].
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Fig. 2: Structure of cubosomes [17]

Table 2: Components of cubosomes

Amphiphilic lipids Surfactants References

Glyceryl mono-oleate (GMO) Poloxamer 407 [17]
Phytantriol (PHYT)

Table 3: Experimented data for cubosomes

Drug Pharmacological uses Description References
Ketorolac Non-steroidal anti-inflammatory drug (NSAID) for High corneal permeability [18]
relief from itching eyes caused by seasonal allergies.
Flurbiprofen NSAID for ocular inflammation treatment. Less ocular Irritation [20]
Timolol maleate (for A non-selective beta-blocker drug used for Demonstrated reduced IOP when compared [21]
targeting glaucoma) glaucoma treatment. with the eye drops available commercially.
Increased corneal penetration along with
prolonged retention time was also seen
Nanowafers on the surface of the eye and endure constant flickering without

The nano wafer is a mini disc-like membrane containing nano-
reservoirs of drugs [22]. They can usually be placed with a fingertip

being displaced, which is contrary to topical eye drops [23]. The
time of residence of the drug at the eye surface and subsequent
absorption in the nearby tissue is increased by gradual drug release
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from the nano wafer. While nano wafers are in the evolving stage,
they can treat subsequent eye diseases [23].

In this research, hydrogel-forming carboxymethyl cellulose (CMC) was
chosen to facilitate easy adherence and retentiveness of the nano
wafer on an ocular surface due to its mucoadhesive characteristic [22].
CMC also facilitated the reepithelialization of the cornea by attaching it
to the matrix proteins [24]. This insightful platform integrated both
nanofabrication and techniques of drug delivery. It has been able to
further improve effective therapy for dry eye conditions by showing
sustained delivery of dexamethasone [22, 25, 26].
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Fig. 3: Nanowafer ocular drug delivery: (A) Image showing a
corneal implanted nanowafer; (B) Drug diffusion into the
corneal tissue [23]

Cell therapies-encapsulated cell technology (ECT)

Mechanisms of biomedical implementation of therapeutic agent
delivery on a cellular level have opened up new possibilities for the
pharmacological utility of self-cells. Innovation of ECT employs the
use of entanglement via semi-permeable membranes of genetically
engineered cells, with the motive of separating them from the
presenter’s body [23].

Encapsulation is done to impart the encapsulated cells with an
immune-privileged atmosphere to operate their functions. The ECT
drug supply network is intended to ensure selective permeability,
where nutrients and oxygen can be dispersed for cell nutrition,
while necessary therapeutics and waste can be sprayed away. Two
of the Neurotech Pharmaceuticals ECT products have been exposed
to clinical research. They are NT-501, also called Renexus®, which
delivers ciliary neurotrophic factor (CNTF), and NT-503, which
conveys a soluble anti-vascular endothelial growth factor (VEGF)
receptor protein [27]. NT-501 allows for the continuous supply of
CNTF for implant encapsulating human retinal pigment (RPE) cells
[28]. NT-503 has been shown to ooze soluble VEGF receptor
proteins for an extended time and has demonstrated notably
elevated VEGF neutralization (~20-30 times superior) [29, 30]. ECT
appears as an appealing way to monitor release and to ensure the
delivery of long-term biopharmaceuticals into the eye.

Microneedles

The drug delivery technology via microneedles was first used to resolve
the stratum corneum barrier and utilized as a transdermal drug delivery
system [31]. Researchers were inspired by the efficacy of microneedles
on transdermal structures and investigated them for use in ocular
therapy for the anterior and posterior segments of an eye [4].
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Microneedles have micro projections that make their nature
minimally invasive. They are slightly invasive and can be developed
to deliver medicine throughout a significant period relative to
conventional  hypodermic  needles. Therefore, repetitive
administration would not be needed [32]. Applying microneedles to
biological membranes will contribute to the microdimensional
transport pathways and improve therapeutic agent permeability
across membrane barriers. They are commonly classified into 4
types according to their delivery processes [33].

For the treatment of glaucoma, in the anterior section of the eye,
Jiang et al. (2007) used coated stainless-steel microneedles. They
used intrasclerally administered pilocarpine and improved the drug
absorption rate by around 45 times [32]. Song et al, (2015) had
engineered a pen-style microneedle to allow simple penetration into
a small eye tissue target area, where a durable SU-8 resin-based
microneedle was created and connected to a macro-scale applicator
for the development of the microneedle pen. The model drugs used
for dip coat were Rhodamine B, Evans blue, or sunitinib malate
along with various polymer carriers. The microneedle pen has been
shown to allow for precise positioning of the drug inside the stromal
membrane of the cornea, which is otherwise hard to achieve during
topical application of the drug because of the presence of the corneal
epithelium [34]. An attempt was made by Gilger et al. (2013) to
supply triamcinolone acetonide (TA), using microneedles to treat
the posterior uveitis present in the suprachoroidal space (SCS). The
supply of TA to SCS by microneedles, showed no indication of any
toxicity, thereby showing efficacy and safety in drug delivery [35].

Nanostructured lipid carriers (NLCs) and solid lipid
nanoparticles (SLNs)

At the start of the 1990s, SLNs have been developed as an
alternative carrier system to emulsions and polymeric nanoparticles
for controlled drug delivery [36]. SLNs are usually distinguished by a
solid lipid center, which can be maintained in an aqueous dispersion
medium by surfactants. They can load both lipophilic as well as
hydrophilic molecules within themselves [37]. They offer many
benefits such as exceptional biocompatibility, site-specific supply of
drugs, improved drug steadiness, higher surface area with smaller
particle sizes, elevated drug entrapment with convenient particle
sizes, as required, carrier prevention, low manufacturing costs, and
many others [38]. To conquer the problems of SLNs, NLCs have been
created. As NLCs are made from a solid-liquid lipid combination and
have a nonideal crystalline state, they resist the expulsion of the
drug by stopping lipid crystallization [39]. NLCs comprise of
different spatial lipids (for instance, glycerides) and subsequently,
have a more extensive distance between the fatty acid chains of
glycerides and general unstructured crystals. Therefore, they are
capable of upholding higher drug accommodation [40]. Such
nanoparticulate systems can be employed as a workable vehicle to
treat ocular infections and can convey the medicine to the
ophthalmic tissues present in both the anterior and posterior
chambers of the eye [41, 42]. Suresh et al. (2011), has explained the
lipophilic ion pair of timolol, incorporated as a submicron emulsion
and a potential ocular drug delivery system.

Table 4: List of constituents

Constituents Examples

References

Lipids Beeswax, Stearic acid, Cholesterol, Caprylic/capric triglyceride. [40]

Surfactant or Emulsifiers
Co-surfactants
Cryoprotectant
Preservative

Charge modifiers

Thiomersal

Phosphatidylcholine, Soy and Egg lecithin, Poloxamer, Polysorbate 80
Sodium dodecyl sulfate, Tyloxopol, Butanol
Gelatin, Glucose, Lactose, Sorbitol, Polyvinyl pyrrolidone

Dipalmitoyl phosphatidylcholine, Stearylamine

Niosomes

Niosomes are nano-sized lamellar structures formed with the
composition of nonionic surfactant and cholesterol which are
subsequently hydrated in aqueous media [43]. The pharmaceutical
and cosmetic uses of niosomal and liposomal vesicular systems are
identical, but they are chemically distinct in structural units.

Niosomes are composed of surfactants, while liposomes are built of
phospholipids, which ensures that niosomes have better durability
and lack certain liposomal drawbacks, i.e., high prices, poor supply,
and differing in purity issues [44].

Because of the special composition of the niosomes, both
hydrophilic and hydrophobic resources can be enclosed in the core
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and bilayer shells, respectively [45, 46]. They are graded depending
on the size or number of bilayers as small unilamellar vesicles, large-
unilamellar vesicles, or multilamellar vesicles [47]. Niosomes can
control and enhance the physical properties of pharmaceuticals,
such as viscosity, film strength, and spreading of films.

Bioadhesive-coated acetazolamide niosomal preparations prepared
using Span60, cholesterol, diacetyl phosphate, or stearylamine, are
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promising for the reduction of intraocular pressure in contrast to the
marketed formulations [48]. Natamycin-packed niosomes coated with
trimethyl chitosan (TMC), have been prepared for fungal keratitis
(FK). The altered TMC-niosomes extend drug retention into the ocular
cavity, as they have a greater mucoadhesive capacity. Prolonged
medicine releases up to 12 h have been seen in the niosomal formulae.
The coated formulation increases drug permeation and drug
accumulation in tissues deeper than the uncoated niosomes [49].

Table 5: Experimental data for niosomes

Drug Disease Surfactant Results References
Naltrexone Diabetic Span 60 No irritation and good corneal tolerability were shown by niosomal [50]
keratopathy formulations.
Voriconazole Fungal keratitis Span 40, 60 The entrapment productivity level of the preparation was greater than 49 [51]
percent. In-situ gel preparation showed delayed drug delivery for 8 h.

Corneal graft Tacrolimus Poloxamer Delayed the duration of residence of medicine and declined the clearance [52]

rejection 188 rate of the medicine in aqueous humor.

Atenolol Glaucoma Span 60 The entrapment efficiency percentage of formulated niosomes was 80.7%. [53]
Cholesterol Preparation showed prolonged drug release and intraocular pressure

reducing activity was found to be for>8 h inside the in-situ gel.

Spanlastics

Spanlastics are contemporary nanovesicular structures built of nonionic
surfactants and Spans. Unlike niosomes, spanlastics lack cholesterol in
their structure. These are ductile and multilamellar, contributing to
better trapping efficiency as compared to niosomes [17]. Of particular
interest for ophthalmic nanodevice formulators are the spanlastics drug
delivery skills and their penetration-enhancing traits [54].

Kakkar and Kaur (2011) were the first ones to set the spanlastics.
The preparation of spanlastics filled with ketoconazole, using Span
60 and Tween 80 as edge activators, was demonstrated by these
authors. The spanlastics produced were first examined for physical
characterization, in contrast to niosomes (cholesterol-based) and
the results indicated better spanlastic values (drug content 9.9%
and % entrapment over 68%) [17].

The corneal permeability was further tested on the porcine cornea
and spanlastics (67% permeation) permeated slightly more than the
niosomes (32%). As a final comment, the drugs could be offered to
be delivered to the posterior section of the eye via spanlastics [55].

Iontophoresis

Iontophoresis is a noninvasive procedure requiring the application
of a slight electric current to increase the penetration of an ionized
substance in the tissue. For many drugs, including hormones,
antibiotics, antivirals, and macromolecules, iontophoresis has been
shown to boost transscleral permeability. Transscleral iontophoresis
provides choroids and the retina to elevated concentrations with
minimum adverse reactions [56, 57]. Wirtz in 1908 first recorded
iontophoresis in eyes. He researched drugs for iontophoresis for the
topical supply of zinc salts for the treatment of corneal ulcers and
keratitis [58]. Over the last few years, a growing number of
experiments on iontophoresis have been conducted to include
delivery of macromolecules [59], small molecules [60], and
nanocarriers [61, 62] to the human eye.

Lam et al, 1991 have shown that RNA and DNA molecules up to 8
million Daltons size can be conveyed across sclera using
iontophoresis [63]. However, they have used electric fields on
human cadaver eyes for a prolonged time. Epithelial edema,
decreased endothelial cells, inflammatory penetration, and burns,
depending upon the site of use, current density, and duration, are
the detrimental effects of iontophoresis [64]. Eyecups are one of the
most popular iontophoretic instruments which are used in the
iontophoretic method to provide drugs by filling the solution into
cups. EyeGate® has been first invented by the Optis group (Paris,
French) and further developed in EyeGate II by EyeGate
Pharmaceuticals Inc. It is a ring-shaped silicon sensor with a 0.5 cm?
contact area and 13 mm inner diameter for trans-scleral
iontophoresis (Waltham, MA, USA) [33]. It is currently being tested
in clinical trials for the treatment of anterior uveitis (Phase 3) [65],

dry eye syndrome (Phase 3) [66], and prevention in patients who
have undergone cataract surgery (Phase 2).

Hydrogels and in situ gels

This system consists of net structures made of water-soluble
polymers with varying chemical and physical properties [67].
Hydrogels can swell and hold solvents inside a cross-connected gel
system for a possible continuous supply of the drugs [68]. Notable
hydrogel characteristics such as hydrophilicity, durability, and
elasticity make them an acceptable choice for the ocular delivery of
drugs [69]. Hydrogels, due to their porous nature, soft texture, and
more water content, are appropriate for enclosing aqueous-soluble
drugs, such as peptides, proteins, and other drugs within their
structure. The high aqueous content and delicate nature of hydrogel
contribute to a prompt discharge of biomolecules from the gel
matrix, which, in general, may affect the hydrogel’s injectability. In
situ hydrogel for bevacizumab, a supra-VEGF injection in the
suprachoroidal space, has demonstrated the sustainability of the
delivery of therapeutic drugs for over 60 d to treat choroidal
neovascularization. This has been generated and manufactured
effectively through the invention of combining polycaprolactone and
hydroxyl methacrylate [70]. Paul et al. (2017) have described
different novel gels and their applications for drug delivery in their
Nanostructures for Drug Delivery book. This chapter provides a
good insight into the mechanism, application, and basic principles of
different gels.

The use of diverse gelling polymers is among the most promising
ways to resolve issues in traditional ophthalmic formulations [8, 71,
72]. Because overly viscous preparations can source an unfamiliar
sensation in the eye and can be the cause of blurred vision, the ideal
thickness and rheological profile of these preparations must be
determined [73]. In situ gels are polymeric solutions that change
from sol to gel stage to frame viscoelastic gel transformation in
response to environmental stimuli [74]. The pseudoplastic quality of
in situ gel shaping polymers aids in limiting the intrusion of
squinting of the eyelids. The drug can be broken down or scattered
into the in situ gelling polymer solution and as a result of conformal
changes in physiological conditions, undergoes a phase transition
into the conjunctival cul-de-sac to form viscoelastic gels [75-77].
Singh et al. (2017) have reported an interesting study on neomycin
sulfate-loaded in situ ophthalmic gels for the treatment of various
bacterial eye infections.

The in situ gels can be further divided depending upon the type of
biological stimulj, i.e, it can be temperature, pH triggered and ions
triggered [78].

Temperature-sensitive in situ gelling systems (IGS)

Thermoresponsive IGS is the most primeval, yet at the same time,
the most usually employed IGS for drug delivery to the eye [79].
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These preparations respond to a shift in temperature as an outer
boost, i.e, when the temperature acts as an external stimulus [78)].
IGS can be shifted above room temperature to a gel state, ideally at
precorneal temperature. On the other hand, the IGS formed which
has a 35 °C gel transition temperature corresponding to the
precorneal temperature [76]. The sol-to-gel transition temperature
is acknowledged as the lowest critical solution temperature (LCST)
[78]. Underneath LCST, the arrangement of the gelling polymer stays
in the fluid state [80].

Polymers
Poloxamers (Pluronic)

They are nonionic triblock of type ABA, consisting of a core
polyurethane hydrophobic chain (propylene oxide), fringed by 2
polyurethane hydrophilic chains (ethylene oxide). They are
arranged as PEO-PPO-PEO [78]. It is termed ‘pluronic’ commercially.
Poloxamer acts like a viscous liquid at room temperature (~25 °C)
and becomes a translucent gel, when the temperature rises, i.e., up to
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3542 °C. It forms a thin, small micellar subunit at low temperatures
and increases the viscosity with temperature resulting in swelling
into a large micellar network [79].

To understand the transformation step at a higher temperature, the
main potential mechanisms were proposed: the incremental
polymer desolvation enhanced micellar agglomeration and
expanded polymer network interconnection [81]. The pluronic
copolymers are currently present in the market in various grades
with varying physical shapes and molecular weights. Depending on
the physical definition, the grading is given as "L-liquid,” "P-paste”
and "F-floves" [82].

The mainly researched polymer in pharmaceutical science is the
pluronic F127 amongst the various available classes [78]. Pluronic F-
127 or Poloxamer 407 (P407) is an ethylene oxide (70%), which
makes a significant contribution to its hydrophilic properties.
Furthermore, F-127 has preferable solubility in hot water than in
cold water because of hydrogen connections at low temperatures
[82, 83].

Table 6: Experimental data for poloxamer polymer

Drug Polymers Major findings References

Pluronic F127, Poly(ethyleneglycol) (PEG), Pilocarpine Along with MC and HPMC shows controlled [84]

Polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), methyl hydrochloride release

cellulose (MC), Hydroxypropyl methylcellulose (HPMC)

Poloxamer 407 and poloxamer P188 Methazolamide Greater drug retaining capability compared to [85]
the eyedrops.

Pluronic F127, Pluronic F68, Sodium hyaluronate Sparfloxacin Showed sustained release up to 24 h [86]

Poloxamer 407 and Poloxamer 188 Dorzolamide The improved pharmacological effect, more [87]

hydrochloride rapid onset of action

Pluronic F127, Pluronic F68, hyaluronic acid (HA) Acyclovir Rheological synergism between poloxamers/HA  [88]
gel. Prolonged drug release up to 6 h

Pluronic (PF-127 and PF-68) and Na-Alginate Ofloxacin In in vivo examination of rabbits, Pluronic F127 [89]

maintained higher retention performance than
Pluronic F68 by 20 percent (w/w).

Xyloglucan

Xyloglucan is a polysaccharide extracted from tamarind seeds, which
exhibits thermal reversible gel-forming properties in dilute aqueous
solution if partially degraded by (-galactosidase [90]. It represents
its function in drug bioavailability [91] since it can make large ionic
complexes with medicine which allows the drug to exhibit longer
effects than traditional ophthalmic solutions [92].

As a gelling agent for the preparation of pilocarpine chloride formed
by Miyazaki et al. (2001), enzyme-degraded xyloglucan has been
used. In comparison with the rheological properties, 2% xyloglucan
gel power equals 25% PF-127. This is an advancement of xyloglucan
since it can be put to use in a considerably smaller amount than PF-
127 in formulations. For more than 6 h, Xyloglucan-based IGS has
demonstrated continuous drug release. Miosis has been affected by
the formulation of 1.5% xyloglucan for at least 4 h, as occurred with
25% PF-127 [93].

pH-sensitive in situ gelling system

These systems are pH-induced preparations that translate into a gel
form, e. g., cellulose acetate phthalate, and carbopol when exposed to
the pH of the lachrymal fluid [77]. pH-sensitive polymers either
contain weak acid or basic groups in the backbone of the polymer
that releases the proton in response to an alteration in pH or
embraces a free proton. Hydrophobic association, electrostatic, and
hydrogen linkage occur at a particular pH and thereby contribute to
the conformational swelling of the polymer. This causes the sol to
gel transformation to pH [94].

Polymers
Chitosan

It is a deacetylated chitin substance that is famous for its
mucoadhesive properties. In the production of in situ gels, this
polymer has been widely studied. Chitosan is a pH-based cationic

polymer. Chitosan stays transparent at an acidic pH (under its pKa
6.2) and is transformed into a soft gel at a higher pH (physiological
pH) [78]. It is biologically degradable and nontoxic. It shows pseudo-
plasticity as well as viscoelasticity. The mucoadhesive activity of
chitosan comes from the ionic association between the chitosan amino
positive group and mucin residues of negative sialic acid. It is
employed in artificial tear formulations as a viscosity boosting tool for
its bioadhesive, hydrophilic and strong propagation properties [95].

Carbopol

It is also known as a polyacrylic acid polymer that displays a
transformation from sol to gel in an aqueous medium by raising pH
over its pKa [96]. Four main reasons responsible for its
mucoadhesive quality are: electrostatic interaction, hydrophobic
interaction, hydrogen bonding, and interdiffusion [97]. Carbopol is a
coiled molecule that is acidic. Once scattered into the water, the
carboxylic molecule group partly separates to form a flexible spiral.

As a pH-sensitive polymer, the pH of the solution increases the
swelling of the polymer. In an acidic environment, owing to
hydrogen bonding, electrostatic repulsion occurs between anionic
groups as the pH increases, resulting in swelling of gel [98].

Ion sensitive in situ gel system

Tear fluid contains various ions in it (Na+, Ca2+and Mg2+). This
gelling system creates a cross-link with the mentioned cations and
thus forms a gel on the eye surface that leads to extended corneal
contact time [91, 104].

Polymers
Gellan Gum

It is an anionic heteropolysaccharide, composed of molar backbone
2:1:1 molar glucose, glucuronic acid, and rhamnose, which are
joined together to create a unit of tetrasaccharides [78]. It is
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produced by the “sphingomonas elodea” which is a microbe [97, 98].
The gellan gum is accessible under the name of Gelrite®, which in
the existence of mono-or divalent cations and undergoes gelation.
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Tear fluid electrolytes, in particular Na+, Mg2+, and Ca2+cations, are
well known to prompt polymer gel-forming on introduction as a
liquid solution in the cul-de-sac [81].

Table 7: Experimental data for carbopol polymer

Ingredients/polymers Drug

Key findings

References

Carbopol 980NF Na Dexamethasone
Carboxy methylcellulose (CMC), 2-
Hydroxypropyl-B-cyclodextrin (HP-B-CD)

Sustained-release with amplified bioavailability. [98]

Carbopol or HPMC Moxifloxacin Precorneal residence time is increased along with increased ocular  [99]
bioavailability.

Carbopol 974P, HPMC E4M Baicalin Area under the curve (AUC) and maximum concentration (Cmax) [100]
values were elevated as compared with the drug solution

Chitosan, HPMC Timolol maleate Clear noticeable data of enhanced retention of in situ gel. [101]

Carbopol 934P Norfloxacin Adequate mucoadhesive, antibacterial activity, and safe from [102]
ocular irritancy.

Ca Alginate along with HPMC K4M Ciprofloxacin Supplementary advantage of sustained drug release. [103]

Table 8: Experimental data for gellan gum

Polymers Drug Key findings References
Gellan Gum Perfloxacin Sustained release up to 12 h. [105]
mesylate Formulation reported being stable for more than 2 y.
Gellan Gum Indomethacin Sustained-release up to 8 h. Improved clinical symptoms of uveitis- [106]
induced rabbits.
Gellan Gum along with Antisense oligodeoxynucleotide =~ The maximum diminution in wound size, tiniest stromal edema [107]

Carrageenan
Na alginate Pilocarpine

hydrochloride
Gellan gum with HPMC Acetazolamide

or carbopol

Slow-release up to 24 h. IOP-lowering effect up to 10 h in comparison  [108]
with simple drug solution (3 h)

Better therapeutic efficacy and decreased IOP were observed when [109]
compared with marketed eye drops.

Polymeric nanoparticles

Polymer nanoparticles are designed to incorporate medicines that
are enclosed or scattered in the polymer matrix and are formed as
nanocapsules or nanospheres [110]. It ranges between 10 nm and
1000 nm [111]. Nanospheric polymers have a central matrix of the
polymer in which medications can be either applied to the surface of
the polymer or drawn into the matrix. Nanocapsules are developed
in such a way that they have a solid polymeric wall and a liquid
phase in the center [112]. These polymeric features allow them to be
possible nanocarriers, since a drug molecule may be coupled on the
surface or enclosed inside and distributed at a high concentration at
a certain target site with low systematical toxicity [111].

Nanoparticles are commonly composed of lipids, collagen, natural or
synthetic polymers, such as albumin, sodium alginate, and
polycaprolactone for the ophthalmic supply of medicines.
Nanoparticles are formulated as nanospheres or nanocapsules. In
nanocapsules, the medicine is confined to the polymer shell while it
is spread evenly across the polymeric matrix in nanospheres.
Nanoparticles have gained attention in the distribution of ocular
drug products in recent decades and many scientists have tried to
create drug-loaded nanoparticles on both the anterior and posterior
segments of the human eye [113-120].

During in vivo studies, Kumar and Amita, 2015 found that amikacin
sulfate including polymeric nanoparticles of chlorotrimethyl-
ammonium methacrylate produced high levels of corneal binding,
resulting in better medicinal retention in the cornea [121]. Qiu et al.
(2019) have created fenofibrates filled PLGA-nanoparticles that are
intravitreally injected into the eyes of diabetic rats. Consequently,
retinal vascular leakage suppression, VEGF suppression, and retinal
leukocytosis inhibition were observed [122].

Musumeci et al. (2013) recorded the most efficient melatonin-
powered PLGA-PEG nanoparticles and showed a substantial
decrease in intraocular pressure (IOP) in comparison to PLGA-
nanoparticles filled with melatonin and the aqueous solution of
concentration equal to that of rabbit’s eye. It was hypothesized that
the decreased zeta potential of PLGA-PEG nanoparticles permitted

longer and improved interactions between nanoparticles and the
ocular surface, which resulted in a higher, hypotensive long-term
impact [123].

Nanosuspension

Nanosuspension is a promised carrier device for the distribution of
badly water-soluble drug products [124]. In addition to preventing a
high degree of ophthalmic osmolarity, the distinctive existence of
nanosuspension solves the saturation or solubility-related problems
of hydrophobic medications in tear fluids while holding medicine in
a cul-de-sac for a prolonged along with sustained drug release [125].
Moreover, the drugs which were prepared with PLGA for
nanosuspension have shown increased precorneal tolerance and eye
permeation. Drugs embedded in lyophilized nanosuspensions have
also been found to be more soluble than the traditional ones [117].

Kassem et al. (2007) designed nanosuspensions for certain water-
insoluble glucocorticoid medications by high-pressure
homogenization processes (hydrocortisone and prednisolone).
Developed formulations were examined for the micro-and nanosize
range particle size and the viscosity effect on albino rabbits have
been investigated. The nanosuspension increased the rate and
volume of absorption of ophthalmic drugs and the strength of drug
activity. The span of drug activity depended significantly on
viscosity. The betaxolol nanosuspension with ion exchange resin
was permitted and was available commercially. The 0.25-percent
betaxolol containing cationic exchange resin in the cul-de-sac
improved the time of medicine residency [126]. Paul et al. (2011 and
2013) had developed amphotericin B nanosuspension for the
treatment of fungal keratitis with different eudragit polymers. The
results showed promising penetration and drug retention of the
system to the eye in both cases. They further developed a method of
analysis of residual solvent in ocular nanosuspension [48].

Dendrimers

Dendrimers have a broad range of therapeutic uses, such as
improved solvent solutions, improved delivery of DNA and
oligonucleotides, targeting drugs at particular receptor sites, and the
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ability to imitate drug development systems as a carrier [127].
Previously, bioadhesive polymers, including polyacrylic acid, have
been used for prolongation of contact time to boost medicine
delivery into the eye. The blurring of the precorneal region of vision
and the development of a veil giving rise to visual distortion, limit
the utilization of this polymer [128]. To address such restrictions,
polyamide amine (PAMAM) dendrimers have been added to it. The
use of PAMAM dendrimers in the ocular trajectory is significant.
PAMAM dendrimers have physicochemical properties that are
congruent with ocular formulations [127].

Vandamme and Brobeck, 2005 had analyzed the effects of PAMAM
dendrimers on pilocarpine and tropicamide and found that because
of increased bioadhesion and sustainable drug release,
bioavailability was enhanced. PEGylation of dendrimer surfaces
might further enhance the drug delivery using dendrimers.
Dendrimers might adjust drug delivery by choosing the optimum
corresponding surface groups (carboxylic, amines, and hydroxyl), or
by specifying the dendrimer’s size or molecular weight. Yaruz et al.
(2013) described a thorough analysis of the dendrimer form,
properties, and ocular application of dendrimeric supplies. A
PAMAM dendrimer gel with PEG-acrylate strands filled with timolol
or brimonidine was developed by Holden et al. [129]. PEG-acrylate
chains bound together and developed a solution when exposed to
light. This gel was innocuous and had shown mucoadhesive
properties in the epithelium stroma. It also has helped in improving
drug bioavailability. In in vitro, the drug exhibited a sustained-
release effect. It was 72 h for brimonidine and 56 h for timolol due to
PEG-network drug traps and drug encapsulation. However, drugs
were released more rapidly after 1.5 h from eye drops, thereby not
exhibiting sustained release, and the eye drops had not been
released continuously [129].

Implants

Implants are intended to produce controlled drug release over a
longer period. This system helps to avoid frequent intraocular doses
and complications [130, 131]. Although implanting is intrusive, the
associated benefits such as the continued release of drugs, the
discharge of local medication to the diseased site, decreased
complications associated with adverse effects, and the capacity to
bypass the blood-retinal barrier has increased the appeal of these
systems [131, 132]. Polymers used in implants are present as
biodegradable or non-biodegradable, hydrophobic or hydrophilic.
Through the body's enzymatic and non-enzymatic reactions,
biodegradable polymers eventually become soluble, whereas non-
biodegradable polymers are not metabolized and eroded within the
body [133].

Biodegradable implants

The monolithic or binder type of biodegradable implants is usually
categorized. The formulations of such implants make it complicated
for the optimum release of drugs when compared with the non-
biodegradable implant reservoir. However, no removal of
biodegradable implants is required. The drug can be released
through such implants using zero-order Kkinetics. This implant
manufacturing procedure requires heating and drying. Drugs that
quickly decay during these processes are, therefore not an
appropriate choice for use in such implants, such as biologically
active proteins [133]. The most popular polymers used in the
manufacture of these implants are polyglycolic acid, polylactic acid,
and polycaprolactones [130]. E. g., SurodexTM and Ozurdex® are
developed respectively for the continued delivery of dexamethasone
for intraocular inflammatory and macular edema treatment [132].
Dhaka et al, 2020, reported the preparation and assessment
methods of ocular inserts containing sulbactum. They also reported
good controlled ocular delivery of the drug from this insert.

Non-biodegradable implants

The long-lasting release of non-biodegradable implants is
accomplished by nearly zero-order release kinetics [132]. There is
no first adverse explosion of the drugs in the non-biodegradable
polymer device that is superior to the biodegradable polymer. The
device cannot be biodegraded, and therefore the empty devices must
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be removed in 5-8 mo after implantation [133]. For the manufacture
of these, polymers, such as ethylene-vinyl acetate and polyvinyl
alcohol are used. Examples of commercialized non-biodegradable
implants include Vitrasert® and Retisert® [130].

CONCLUSION

There are a variety of formulation approaches for delivering drugs
into the human eye. Yet, drug delivery stays a stumper and a task for
researchers because of the complicated human eye structure. The
impediments of existing formulations for ophthalmic diseases
incorporate low drug bioavailability, no explicitness, and reduced
retention time. To defeat such restrictions, various novel approaches
have been created in ocular drug delivery systems, for example,
nanoparticles, liposomes, microneedles, niosomes, nanowafers, and
some more. Nanotechnology is profiting the patient by limiting the
numerous side effects which have been associated with conventional
therapies. Current research shows that nanotechnology can
substitute conventional drug delivery methods as a prior choice for
the treatment of eye disorders.
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