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The low bioavailability, due to the presence of physiological barriers, requires repeated ocular administrations. Hence, the

development of drug delivery systems that ensure suitable drug concentration for prolonged times in different ocular

tissues is certainly of great importance. In situ forming gels, expecially the nanocomposite ones,  have the undoubted

advantage of being easily injectable and, owing to their sudden thickening at body temperature, have the ability to form an

in situ drug reservoir. As a result, the frequency of administration can be reduced, also favoring the patient’s adhesion to

therapy. Here, some of the most common treatment options for ocular diseases, with a special focus on posterior segment

treatments, are summarized highlighting the most recent improvement deriving from thermosensitive drug delivery

strategies. Aside from this, an additional section describes the most widespread in vitro models employed to evaluate the

functionality of novel ophthalmic drug delivery systems.
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1. Introduction

One of the critical issues of topically administered ophthalmic drugs is that their efficacy is limited by the fast drug

clearance due to pre-corneal fluid drainage; consequently, frequent administrations are required. Therefore, various drug

delivery systems (DDS) have received increased attention to enhance the efficacy of drugs on the corneal surface.

Aside from this, many limitations make it hard to deliver drugs aimed to treat eye posterior segment diseases, such as

diabetic retinopathy and age-related macular degeneration (AMD). In fact, topical ocular medications do not reach the

back of the eye; moreover, systemic administration is rarely used because of the small volume of the eye and the

presence of the blood retinal barrier (BRB) [1].

A lot of research is currently being done to improve transscleral delivery, which might offer the advantage of removing the

need to breach the walls of the eye; many transscleral delivery systems, also associated to iontophoresis, are therefore at

different stages of development. However, to date, the majority of treatments of the posterior segment, such as retinal and

choroidal disorders, require the intravitreal pathway. Intravitreal injection (IVI) is currently considered the most validated

option—although it is invasive and associated with serious side effects—for the delivery of large molecules such as anti-

vascular endothelial growth factors (anti-VEGF antibodies), whose use has reached an exponential growth in recent years

due to the progressive expansion of their clinical applications [2]. Nevertheless, the periocular pathway, including the

retrobulbar, peribulbar, subtenon and subconjunctival routes, and even topical delivery, continue to be explored.

To overcome the limitations of conventional eye drops in corneal/conjunctival administration, and of invasive injection in

intraocular administrations, or of surgery-implanted cannulas in periocular administration, in the last decades, several

ophthalmic formulations, such as drug-loaded hydrogels and contact lenses targeted to the anterior segment, or ocular

implants and physical devices destined to the back of the eye, have been proposed.

2. Hydrogels

Hydrogels are three-dimensional, cross-linked networks of either synthetic or natural water-soluble polymers with great

potential in several applications, such as drug delivery, cell encapsulation and tissue engineering [3]. Various advantages

make them interesting—their aqueous environment can exert some protection towards cells and labile drugs (such as

peptides, proteins, DNA and oligonucleotides) and they have a significant role in transporting nutrients to cells. As a result,

they are attractive for various ophthalmic applications, among which are corrective soft contact lenses [4], adhesives for

ocular wound repair [5], potential vitreous substitutes [6] and drug vehicles [7]. Regarding the latter application, to our

knowledge, most hydrogels on the market are targeted to the anterior segment (such as Pilopine HS, Zirgan and Pilogel),



due to their ability to increase viscosity and mucoadhesive properties [8]. Conversely, just few hydrogels have been

already approved by the FDA and EMA for intraocular injectable applications; as an example, Akten (Akorn, Buffalo

Grove, IIlinois), a 3.5% lidocaine gel, was approved by the FDA for all ophthalmic procedures in October 2008, including

intraocular procedures [9,10].

Other hydrogels are currently on the market for ophthalmic application other than drug delivery purposes—as an example,

ReSure Sealant is an in situ gel approved to seal clear corneal incisions following cataract surgery [11].

Recently, contact lenses for drug controlled delivery to the anterior chamber have been developed, but several challenges

are still arising regarding the limited drug release, the strict regulatory issues and the high cost of clinical studies [12].

On the other hand, the crucial need to reach the eye posterior segment through less invasive strategies other than

repeated injections has boosted the development of slow-release implants that can be placed at once at various ocular

sites. Currently, intraocular implants that allow sustained drug release in the posterior segment are at different

development stages [13]. Most of these consist of non-biodegradable polymers, such as silicone, polyvinyl alcohol and

ethylene vinyl acetate, from which long-lasting release of the entrapped drugs occurs [14]. However, they require surgical

intervention and need removal or replacement by new implants. On the contrary, biodegradable polymers such as

poly(lactic) acid and poly(lactic-co-glycolic) acid offer the advantage of releasing the drug at the same time that the

polymer degrades in the target site, avoiding the need of surgical removal [15,16].

To date, several ocular implants designed for the treatment of severe indications affecting the posterior segment of the

eye, including macular degeneration, are on the market or are undergoing clinical trials. Among them, non-biodegradable

Vitrasert, Retisert, Medidur, Iluvien and biodegradable Posurdex, Ozurdex and Surodex must be cited [17,18,19,20]. Most

of these implants are loaded with small active compounds, such as fluocinolone acetonide, dexamethasone and

ganciclovir; meanwhile no biologics-carrying implants are available in the market, some being, however, in the pipeline

[21].

Anti-VEGF therapy, playing a central role in the pathogenesis of choroidal neovascularization, has revolutionized the

medical management of diabetic retinopathy and of AMD [22]. Currently, the most common anti-VEGF agents are

pegaptanib (Macugen), bevacizumab (Avastin) and ranibizumab (Lucentis) [23,24], followed by other emerging

macromolecular drugs already in clinical trials, among these being Fovista (Ophthotech, Princeton, NJ, USA), a platelet-

derived growth factor aptamer currently in phase III clinical trials [25], and designed ankyrin repeat proteins [26].

The use of intravitreal administration in anti-VEGF therapy is still presenting some problems—most drugs are rapidly

cleared from the vitreous humor, inducing the need of repeated injections that can cause side effects, such as

endophthalmitis, retinal detachment, hemorrhage and poor patient tolerance [27]; other drugs induce local toxicity when

administered at their effective dose, causing side effects and possible retinal lesions [28]. For these reasons, strategies

that can deliver sufficient drug concentrations to this anatomic region in a less invasive manner and with less frequent

doses, such as sustained-release DDS, represent an area of active interest in the ophthalmology community. In the last

decades, different technologies have been proposed to this aim, including the use of nanomedicine [29,30,31]. Therapies

based on nanotechnologies, such as lipid and polymeric nanocarriers, present several advantages, allowing a precisely

targeted drug delivery and controllable release of the therapeutics [32]; moreover, the stability and half-life in the vitreous

of entrapped drugs might be enhanced, thus reducing the frequency of administration and, consequently, diminishing their

toxicity [33]. Therefore, depending on particle charge, surface properties and relative hydrophobicity, nanoparticles (NP)

can be designed to be successfully used in sustained ocular therapy [34], both in the anterior and posterior segments [35].

Studies have shown that albumin NP can serve as a very efficient drug delivery system for retinal diseases, such as

cytomegalovirus retinitis, as they are biodegradable, non-toxic and have non-antigenic properties [36]. Moreover, NP

prepared with natural polymers, such as chitosan, increased the intraocular penetration of loaded drugs, due to their

ability to make contact intimately with corneal and conjunctival surfaces [37]. In the past decades, several hydrophilic

polymeric particles have been proposed as ocular DDS composed of various biodegradable polymers, such as poly(lactic

acid) [38], poly(alkyl cyanoacrylate) (PACA) [39], poly(lactic-co-glycolic acid) (PLGA) [40] and poly(ɛ-caprolactone)

(PECL) [41]. However, one of the main barrier-hindering clinical trials of these innovative systems is the requirement to

ensure the safety of nano-microsystems and of their biodegradation products in the eye [29,42].

Another appealing approach of drug delivery to the posterior ocular segment consists in vesicular systems such as

intravitreal-injectable liposomes (i.e., the ocular liposomal Verteporfin (Visudyne). They provide sustained drug delivery for

weeks or even months, but up until today, most of them are only pre-clinically investigated, with few in clinical use [43].



Recently, preclinical trials have centered around the interesting formulation of nanocomposites, consisting of

nanoparticulate systems dispersed into a hydrogel matrix that provide an additional diffusion barrier to drug release,

eliminating the burst effect and extending the release profiles of the entrapped drugs [44].

In the literature, various strategies have been proposed to deliver drugs into the eye in a more controlled manner—in the

first part of this review, special attention will be given to the thermosensitive approach, considering the different typologies

and action mechanisms. The second part deals with the most widespread in vitro models employed to investigate the

functionality of novel ophthalmic DDS.
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