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Abstract  

Nanotechnology, initially described by Richard Feynman, is a promising 

multidisciplinary field of science that dealing with the design, development and 

manufacturing of structures in the dimensions of nanometers. M. Saladin El Naschie’s in 

2006 [1] defines nanotechnology as the application of the technology in the gray area 

between the classical mechanism and quantum mechanics. Nowadays the rapid evolution 

of nanotechnology is due to the development of novel technological procedures for 

detection, control and characterization of nanoparticles. 

The application of nanotechnology in biology is loosely designated 

nanobiotechnology. Nanomedicine is a derivative of nanobiotechnology. Ophthalmology 

is a field of medicine that could really be benefit from nanotechnology's applications. The 

human eye is a very sophisticated small sensory organ that among others includes very 

specific barriers against the external environment. Drugs and pharmaceutical agents have 

to overcome these barriers in order to treat ocular diseases. Most of these diseases are 

chronic in their nature, need chronic expensive treatments and unfortunately commonly 

result to blindness. Chronic treatments besides of side effects engender issues in 

compliance and adherence to treatment. 

Nanoparticles like liposomes, micelles, dendrimers, polymers, nanogels look very 

attractive as novel ocular drug delivery systems. They can overpass the ocular barriers 

and deliver their drug load with a very specific spatiotemporal controlled manner. Hence 

such NPs facilitate the sustained release and bioavailability of medicaments. Furthermore 

the coating of nanoparticles with surface targeting moieties makes possible the drug 

delivery precisely to the diseased cell. The contribution of nanotechnology in monitoring, 

diagnosis and imaging of ocular diseases is also significant. Indeed the combination of 

diagnostic and therapeutic properties in the same NP introduced the multimodality of 

theragnostics into the ophthalmology field. Regenerative ophthalmology is another area 

where the use of nanomaterials in the form of nano scaffolds and genes nanocarriers can 

conduce to significant improvements mainly in the treatment of degenerative ocular 

diseases. All the above very promising approaches lead to the era of personalized 

medicine. 
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Obstacles to be overcome are the scale production of nanostructures in a safety 

manner and in an economically advantageous way. Likewise nanotoxicity issues must be 

taken into account as nanoapplications in everyday practice will be increase. 

 

Purpose 

To review the implementations of nanotechnonology and nanomedicine in the field of 

ophthalmology. 

 

Design 

Perspective following literature review. 

 

Methods  

This review includes analysis of relevant publications in the peer-reviewed scientific 

literature. Research articles about nanotechnology-based treatments for particular eye 

diseases and diagnostic technologies were searched through PubMed and Google scholar 

and the most representative of them were reported. 
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1. Introduction  

 In 1959, Nobel laureate Richard Feynman gave his lecture, “There’s Plenty of Room at 

the Bottom”, to the annual meeting of the American Physical Society [2], introducing the 

concept of nanotechnology and miniaturization. Typically the term “nanotechnology” was 

first mentioned by Prof. Norio Taniguchi [3] in 1974. 

Nanotechnology is an overarching multidisciplinary area of research that promotes 

the development of enabling materials and devices with at least one dimension of less 

than 100 nm. For comparison, an erythrocyte is 7 μm wide; a strand of deoxyribonucleic 

acid [DNA] is 2 nm wide. At its inception, nanoelectronics were the cynosure of 

nanotechnology. Of paramount importance in nanoelectronics was the minimization of 

the length scale of transistors, perpetuating Moore’s law [4] and forging on its ambitious 

technological and economic aspirations. 

Nanoscale science and technology remained in a nascent stage until the last decade, 

largely because of the technological limitations involved in characterizing, manipulating, 

and building nanostructures. The advent of the scanning tunneling microscope (STM) [5] 

allowed visualization at the nanoscale level and ignited the nanotechnology acceleration. 

Subsequent iterations of STM include atomic force microscopy (AFM), scanning probe 

microscopy, and scanning acoustic microscopy. These tools and other readily accessible 

characterization tools, such as electron microscopy and X-ray diffraction (XRD) make 

characterization of nanostructures possible. On the other hand, semiconductor 

processing technologies, along with electron-beam lithography or dip-pen 

nanolithography [6], provide us with the necessary toolset to define and build 

nanostructures. 

The current, widespread, mainstream commercialization of nanotechnology ranges 

from carbon nano-tube-embedded tennis rackets to nanoparticle-fortified beauty lotions, 

from atomic resolution imaging systems to molecular diagnostics, from magnetic storage 

devices to semiconductor microprocessor chips. The application of nanotechnology in 

biology is loosely designated nanobiotechnology. Nanomedicine is a derivative of 

nanobiotechnology. 

The aim of nanomedicine is the comprehensive monitoring, control, construction, 

repair, defense, and improvement of human biological systems at the molecular level, 

using engineered nanodevices and nanostructures, operating massively in parallel at the 
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single cell level, ultimately to achieve medical benefit. [7] Individual atoms and molecules 

can be manipulated to form microscopic tubes, spheres, wires, and films for specific tasks, 

such as generating electricity or transporting drugs in the body. The application of nano-

scale technologies to the practice of medicine will alter profoundly our approach to 

diagnosis, treatment, and prevention of disease. [8] Miniaturization of devices, chip-

based technologies, and increasingly sophisticated novel nanosized materials and 

chemical assemblies already provide novel tools that are contributing to improved 

healthcare in the 21st century. 

The application of nanotechnology platforms to the field of medicine is far reaching 

and too vast to cover in a single review article, but suffice it to say that nanotechnology 

has dramatically affected drug discovery, drug therapeutic efficacy, drug and gene 

delivery systems, biocompatible implant materials, regenerative medicine, and diagnostic 

procedures. Exciting new developments in the field of nanotechnology are now impinging 

directly on ophthalmology. 

According to 2015 global estimates, 36 million people are blind, 217 million are 

moderately or severely vision impaired and 188 million have mild vision impairment. Of 

these cases, approximately 84% of the visual impairments result from chronic eye 

diseases [9] that demand frequent drug administration. For example it is well established 

[10, 11, 12] among ophthalmologists that at least the 50% of glaucoma patients don't 

comply with given therapy. The complex anatomy and physiology of the eye not only 

disallows permeation of the topically administered medicaments across various ocular 

tissues but also readily clears drugs from the tissues thereby resulting in sub-therapeutic 

levels [13]. Despite of the availability of numerous interventions, an effective carrier that 

can deliver therapeutic agents of any kind, to the tissue of interest in the eye in a spatially 

and temporally controlled manner for long durations remains an unmet need. Therefore, 

the design of an effective drug delivery carrier for the treatment of ocular diseases is a 

need of the hour.  

The main objective of ocular drug delivery is to improve bioavailability and residence 

time of administered agents at ocular tissues so as to avail therapeutic benefits while 

reducing the frequency of administrations. Poor bioavailability can be partly addressed by 

administration of drugs in the form of solution/suspensions directly at the tissue site 

using a suitable invasive injection. However, the invasive routes of administration can be 
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associated with serious complications and discomfort to the patient which result in poor 

patient compliance [14]. 

Another important area of nanotechnology involvement in ophthalmology is the 

monitoring, diagnosis and imaging of ophthalmic diseases. Many of ocular diseases are 

chronic in their nature and given this, strictly monitoring of specific parameters like 

intraocular pressure (IOP) or macula edema, are of paramount importance for accurate 

therapeutic intervention. Also the delicate and special structures of the eye demands 

highly sophisticated diagnostic techniques and is expected that nanotechnology will be 

very beneficial in this field. The combination of diagnostic and therapeutic properties in 

the same nanostructure device leads to the introduction of the “theragnostics” probes. 

Obviously in this way we could diagnose but also cure the disease at the same time with 

multiple benefits for the patient and for the health system's costs. 

In this review there will be mentioned the novel applications of nanotechnology in 

ophthalmology. In particular, important and characteristic interventions will be presented 

in the following areas: drug delivery, monitoring, diagnosis and imaging, surgery, tissue 

regeneration and prosthetics. Also it will be cited the toxicity and safety issues of 

nanomaterials as well as the future perspectives of "nano-ophthalmology". 

 

1.1 Properties of nanomacines 

A key property of nanomaterials is that they are surface-rich objects in relation to 

volume, in other words they exhibit high surface to volume ratio. At the nanolevel (i.e., 

the size scale of intracellular structures and molecules), materials acquire properties that 

seem surprising to us but that are predicted based on the principles of quantum physics. 

For instance, carbon becomes stronger than steel, gold melts at room temperature, and 

aluminum becomes highly explosive. Quantities such as weight and inertia are of 

relatively little importance. The strength of a given material is thus proportionately 

greater as the size diminishes. 

The influence of gravity on the function of true nanomachines probably is negligible 

because their mass is that of atoms. On the other hand, the distance between the 

elements is in nanometers. Because of Van der Waals forces, parts of nanomachines 

might adhere to each other, which might not be desirable.  
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Concerning the manufacturing process of nanodevices, currently there are two 

synthesis approaches. Evidently, the top-down approach continues to be the 

quintessence of manufacturing industries. This approach is typified by the semiconductor 

industry practice, where the nanoscale features are defined and manufactured using 

processes such as lithography and etching with a lack of atomic-level control because the 

tools employed are larger than the smallest feature. In nanobiotechnology, the top-down 

approach includes disassembling the microscale materials to achieve the desired 

nanoscale structures (e.g., purification of mitochondria via the process of tissue isolation, 

homogenization, disruption, and centrifugation). The bottom-up approach is, in general, 

the process of self-assembly from atomic and molecular constituencies governed by 

molecular interactions, subatomic level forces, and the principles of thermodynamics. 

Using the self-assembly bottom-up approach, nature has devised and synthesized 

complex biosystems from basic building blocks for millennia. A generalized depiction is 

shown in figure 1. 

 

 

 
Figure 1: Top-down versus bottom-up processes (Nguyen P et al., Ophthalmic Research, 2010; 44: 1-16). 
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1.2 Nanotechnology and nanomedine 

General principles of nanotechnology as applied to nanomedicine include the following 

[15]: 

1. Biomimicry: directs molecules within a cell and (or) directs molecules/machines to 

the proper cells in the body using approaches copied from nature. 

2. Size and location drive biocompatibility and biological efficacy. Size matters in the 

nanoworld. The same molecules or structures can have very different functions 

when located in different parts of the cell or different tissues or organs of the body. 

3. Feedback control engineered into therapeutic systems (e.g., therapeutic gene 

synthesis) allows one to control dosage precisely at the single-cell level and will be 

an important part of regenerative medicine. 

4. Molecules as machines: molecules engineered to perform specific physical tasks 

(e.g., open ion channels) to alter cell and organism behavior. 

5. ‘‘Pseudointelligence’’ resulting from intelligent design, e.g., self-assembly of 

extracellular matrix (ECM) molecules. 

6. Highly interdisciplinary undertaking: biology, engineering, chemistry, physics. 

The functional properties of living systems arise not simply from their component 

parts. Rather, these properties are a function of how the component parts are assembled, 

which dictates interactions between the parts, the nature and flow of information within 

the system, and the outputs that the system produces. Thus, an important concept for 

the development of nanomedicine is that spatial control of the distribution of 

nanomachines directly affects the efficiency of the macromolecular assembly and nature 

of this assembly’s work product. [16] 

 

2. Anatomy of the eye and ocular barriers for drug delivery  

The eye is a complex organ consisting of sensitive tissue structures arranged as 

compactly adjoined layers. The outer most layer consists of cornea, conjunctiva, and 

sclera; the middle vascular layer comprises of choroid, ciliary body, and iris; and the inner 

neural layer includes retina. The lens is attached to ciliary body via suspensory ligaments 

and is responsible for focusing light onto the retina. Retina consists of a variety of cell 

types including retinal pigmented epithelium (RPE), photoreceptors (rods and cones), 
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horizontal, bipolar, amacrine, Müller, and ganglionic cells. The optic nerve is composed of 

nerve fibers of ganglion cells and is responsible for conveying retinal impulses to the 

brain. Anatomically, the eye is divided into anterior and posterior segment by means of 

iris-lens diaphragm. The tissues that are present anteriorly such as cornea, conjunctiva, 

iris, ciliary body, and lens are classified as anterior segment tissues, whereas, the tissues 

present posteriorly such as sclera, posterior choroid, Bruch's membrane, vitreous body, 

RPE, and retina are classified as posterior segment tissues. The anterior chamber is filled 

with aqueous humor, whereas, the vitreous cavity is filled with vitreous body. The ciliary 

epithelium continuously secretes aqueous humor that is drained through trabeculum 

meshwork to the canal of Schlemm. The continuous secretion and drainage of aqueous 

humor serves two functions. The first is to provide oxygen and nutrients to the anterior 

eye tissues and the other is to maintain IOP of the eye. Together, the structures of the 

eye act in coordination with each other and are responsible for the physiology of vision 

[17]. In addition to their physiological role, these structures also act as strong barriers to 

limit entry of foreign substances into the eye including topically administered therapeutic 

agents.  

 

2.1 Barrier properties of ocular layers 

The therapeutic molecules used for the treatment of ocular diseases are either 

hydrophilic, hydrophobic, or amphiphilic in nature. Upon topical administration, the 

molecules encounter the following tissue barriers: 

 
2.1.1 Tear film 

 This is the first and foremost ocular barrier that is encountered after topical 

administration of a therapeutic agent. Tear film is a precorneal film consists of three 

layers: an outer lipid layer, a middle aqueous layer, and an inner mucous layer. The 

meibomian glands and to a lesser extent the glands of Zeis and Moll secrete the lipids of 

the outer layer. The main lacrimal gland secretes the middle aqueous layer with an 

additional minor contribution from the accessory lacrimal glands (the glands of Kraus 

and Wolfring). The goblet cells and to some extent the crypts of Henle and the glands of 

Manz secrete the inner mucous layer. Tear film has high turnover rate and is 

continuously secreted and drained into the nasolacrimal duct. Its main function is to 
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moisten the superficial ocular tissues in order to prevent among others the ocular surface 

drying. The continuous secretion and drainage of tear fluid readily clear topically 

administered drugs from the ocular surface, resulting in low bioavailability (<5%) in the 

underlying ocular tissues [18]. Hence, the tear film is considered as a dynamic ocular 

barrier. The hydrophilicity/-phobicity of drug molecules governs their interaction with 

tear fluid [19]. Consequently physicochemical properties of drug molecules and delivery 

systems and their interaction with tear fluid, together govern the ability of the drug 

molecules to traverse through the tear film barrier and interact with the subsequent 

tissue, the cornea [20]. 

 
2.1.2 Cornea  

The cornea is a transparent, five-layered avascular tissue composed of cellular and 

extracellular matrix (ECM) components. After tear film, the cornea is the next outermost 

layer of the eye which consists of five dinstict layers: epithelium, stroma, and 

endothelium and two interface layers consisting of Bowman’s membrane and 

Descemet’s membrane. Of these, corneal epithelium and endothelium are cellular in 

nature, whereas, others are majorly composed of ECM components. The cellular layers 

allow permeation of molecules through paracellular or transcellular routes based on the 

physicochemical characteristics of therapeutic molecules [21]. It has been speculated that 

low molecular weight hydrophilic molecules (up to 300 Da) traverse through the 

paracellular route. However, higher molecular weight hydrophilic molecules (>2000 Da) 

cannot traverse easily across cellular layers of the cornea [22]. Whereas, hydrophobic 

molecules (molecular weight up to 600 Da), due to their ability to partition into the cell 

membrane, can traverse through paracellular and/or transcellular route in order to get 

access to underlying tissues [21]. Furthermore, ECM layers of the cornea offer better 

interaction towards hydrophilic molecules compared to hydrophobic molecules. The 

stromal layer acts as a barrier for hydrophobic molecules, whereas, it allows permeation 

of hydrophilic molecules [21]. Hence, permeability characteristics of the cornea are 

majorly governed by molecular weight and hydrophilicity/-phobicity of drug molecules. 

An optimal combination of these characteristics is required for a drug molecule in order 

to obtain access to the underlying tissues [23]. In addition to barrier properties, corneal 

tissue also possesses transmembrane efflux pumps which cause efflux of drug molecules 
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from the cornea and thus further reducing the bioavailability of administered therapeutic 

molecules in the cornea [24, 25].  

 
2.1.3 Conjunctiva 

Conjunctiva is a transparent and vascularized tissue composed of epithelial cells, 

goblet cells, and basal lamina. Conjunctival epithelial cells contain tight intercellular 

junctional proteins that disallow free diffusion of high molecular weight molecules 

through paracellular route. The presence of such tight junctional proteins in conjunctiva 

causes hindrance for permeability of high molecular weight hydrophilic molecules 

compared to hydrophobic molecules. Since hydrophobic molecules traverse the 

transcellular route, their bioavailability at conjunctiva is relatively higher when compared 

to hydrophilic molecules [26]. Furthermore, low molecular weight hydrophilic (up to 

1,500 Da) and hydrophobic (up to 5,000 Da; lower the molecular weight, higher the 

permeation) molecules can be transported through the paracellular pathway in the 

conjunctiva. The goblet cells and glandular cells present in conjunctiva secrete mucin and 

tear fluid, respectively, that play an important role in trapping and clearing of 

administered therapeutic molecules resulting in low bioavailability of administered drugs. 

It has been demonstrated that conjunctival epithelial cells, as the cornea, possess drug 

efflux pumps which further lower the bioavailability of topically administered drugs [27]. 

 
2.1.4 Sclera 

The sclera is a largely collagenous structure and forms five-sixth of the outer covering 

of the eye. The scleral matrix consists of collagen and elastin fibrils and interfibrillar 

proteoglycans with a sparse distribution of scleral fibrocytes. The fibrous structure allows 

faster diffusion of low molecular weight (up to 4,000 Da) molecules, whereas, an increase 

in molecular weight, molecular radius, or hydrophobicity decreases permeability through 

the sclera [28]. 

 
2.1.5 Iris, ciliary body and choroid 

These three structures together form the uveal tract, a dynamic vascular barrier of the 

eye responsible for dilution of the administered drugs in systemic blood circulation. Iris is 

located anteriorly to the lens and is responsible for controlling the entry of light into the 

lens. The ciliary body is located posterior to the iris and secretes aqueous humor which 
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nourishes interior ocular tissues. The secreted aqueous humor flows towards the cornea 

and through the trabecular meshwork is collected into the canal of Schlemm and 

ultimately drained into the episcleral blood veins. Hence, the aqueous humor acts as a 

dynamic barrier that clears therapeutic molecules from the anterior chamber. The 

choroid is the posterior continuation of the ciliary body which contains circulatory blood 

vessels that continuously supply oxygen and nutrients to the outer retinal tissue. 

Choroidal’s blood flow is the higher among the human body tissues with estimates 

ranging from 500 to 2000 ml/min/100 g tissue [17]. A continuous flow of blood in choroid 

acts also as dynamic barrier and causes clearance of drugs from ocular tissues and 

dilution of drugs in the systemic circulation. 

 
2.1.6 Lens 

The lens is a transparent biconvex structure, majorly composed of different types of 

crystallin proteins embedded in a thin layer of acellular outer membrane called lens 

capsule which acts as a basement membrane for lens epithelial. Lens capsule is composed 

of laminins, collagens and proteoglycans that impart a negative (anionic) charge to it. 

Furthermore, it has been demonstrated that diffusion rate of neutral molecules across 

the lens capsule is relatively higher compared to anionic molecules [29]. Hence, the 

charge on a drug molecule affects its permeability across the lens tissue. 

 
2.1.7 Retinal pigmented epithelium (RPE) 

The RPE with Bruch’s membrane separate the outer retina from choroidal capillaries. 

RPE forms the outer blood–retinal barrier. Due to the presence of tight intercellular 

junctional proteins, RPE disallows the entry of hydrophilic molecules into the retina, 

whereas, hydrophobic molecules can partition into the RPE [30]. RPE is also known to 

express drug efflux proteins that lower the bioavailability of therapeutic agents in the 

retina [31]. 

 
2.1.8 Vitreous body 

The vitreous body is a transparent gelatinous viscous liquid that fills the space 

between the lens and the retina and is surrounded by a collagenous layer known as the 

vitreous membrane. The vitreous body is composed of hydrated molecules such as 

collagen and glucosaminoglycans. The net anionic charge of the vitreous body regulates 
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the diffusion of drug molecules. It has been demonstrated that negatively charged 

particles diffuse freely in the vitreous, whereas, positively charged particles get 

immobilized [32]. Hence, the charge of the administered drug molecule affects both 

vitreal drug distribution and retinal bioavailability.  

 

3. Ocular diseases and their treatments 

A large majority of the diseases that affect the structure and function of the eye 

demand therapeutic interventions. The diseases that commonly affect ocular tissues are 

classified based on the location as anterior or posterior ocular diseases and herein will be 

mentioned the most important of them. Potentially all of these diseases without 

treatment lead to blindness. 

 

3.1 Diseases affecting anterior eye segment 

Keratitis is an inflammatory disease that affects the cornea. Mainly it is caused by 

microorganisms such as bacteria, fungi, or viruses resulting in inflammation or injury to 

the cornea. Infectious keratitis is treated by topical administration of antibacterial, 

antifungal, or antiviral drugs as eye drops. Non infectious keratitis is related with 

autoimmune disorders, diabetes mellitus and neurotrophic lesions and also need to be 

treated, among others, by topical administration of anti-inflammatory drugs or artificial 

tears. 

Conjunctivitis, dry eye disease (also known as kerato-conjunctivitis sicca) and Sjögren 

syndrome (an autoimmune disease) are inflammatory diseases that affect the conjunctiva 

and are treated by topical administration of anti-inflammatory drugs or artificial tears. 

Cataract is a pathological condition characterized by clouding of the lens due to 

crosslinking of crystallin proteins present in the lens. The pathological condition is treated 

by a surgical method known as phacoemulsification that involves removal of the cloudy 

lens and replacing it with an artificial lens. An emerging therapeutic intervention for 

cataract is the topical administration of antioxidant eye drops which act by reducing 

and/or reversing crosslinking of crystallin proteins [33]. 
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3.2 Diseases affecting both anterior and posterior eye tissues 

Uveitis is an inflammatory disease, of infectious or non infectious origin, that affects 

the uveal tract. Uveitis is classified as anterior, intermediate or posterior uveitis based on 

the tissue being affected, that is, anterior, middle, or posterior uvea, respectively. 

Panuveitis affects all the three parts of the uvea and is treated by administration of anti-

inflammatory or anti-microbial drugs either topically or via injections. 

 The Glaucomas are a group of optic neuropathies that cause degeneration of retinal 

ganglion cells due mainly to an elevation in IOP resulting in optic nerve damage. The 

available treatment options include administration of IOP lowering drugs via topical 

route.  

 

3.3 Diseases affecting posterior eye segment 

Age-related macular degeneration (ARMD) is an age-related pathological condition 

characterized by degeneration of the macula, the central retinal tissue responsible for 

sharp and central vision. The treatment strategies include, depends on the dry or wet 

form of the disease, supplementation with antioxidants and intravitreal administration of 

anti-vascular endothelial growth factor (anti-VEGF) agents respectively [34]. 

Retinitis is an inflammatory disease caused most commonly by infectious agents such 

as Toxoplasma gondii (protozoa), cytomegalovirus (virus) or candida (fungi). The 

treatment strategies include intravenous or intravitreal administration of antiviral, 

antiprotozoal, or antifungal drugs. 

Diabetic retinopathy (DR) is a pathological condition characterized by retinal 

neovascularization (NV) and retinal damage. DR is treated by intravitreal administration 

of anti-VEGF drugs [35]. 

Diabetic macular edema (DME) is an inflammatory disease characterized by 

inflammation of the retina, exudation of blood from retinal capillaries ultimately leading 

to retinal NV and retinal damage. DME is treated by intravitreal administration of anti-

inflammatory steroids and anti-VEGF drugs [35]. 

Endophthalmitis is a devastating inflammatory disease characterized by inflammation 

of interior ocular tissues, mainly the vitreous cavity. This pathological condition is 

frequently observed after intraocular surgeries or traumas due to the exogenous or 
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endogenous spread of infecting organisms such as bacteria, virus, or fungi. The treatment 

options include intravitreal administration of antibacterial, antiviral, or antifungal drugs. 

Optic nerve neuritis is characterized by inflammation of optic nerve and is treated by 

intravenous administration of anti-inflammatory drugs. 

Optic nerve neuropathies are characterized by degeneration of optic nerve. The most 

common causes are glaucoma and ischemic optic neuropathies. The choice of treatment 

depends on the underlying disease. 

Proliferative vitreoretinopathy is characterized by proliferation of ectopic cell sheets 

in the vitreous and/or periretinal area. The treatment strategies include surgical removal 

of proliferated tissue and halting the proliferation by intravitreal application of laser, anti-

inflammatory drugs and/or growth factor pathway inhibitors [36]. 

Retinitis pigmentosa represents a spectrum of hereditary retinal diseases 

characterized by degeneration of retinal rod and cone photoreceptor cells. The 

pathological manifestations can be reduced by dietary supplementation with 

antioxidants. 

Uveal melanoma is a primary acquired malignant neoplasm of uveal melanocytes and 

is the most commonly form of eye cancer. The therapeutic approaches include 

radiotherapy, thermotherapy, brachytherapy and/or surgery.  

Retinoblastoma is characterized by abnormal proliferation of retinal astrocytes/glial 

cells. It is a rare form of eye cancer that mostly affects children. The treatment strategies 

include surgical methods such as enucleation of the eye and therapies such as 

radiotherapy, thermotherapy, brachytherapy, and chemotherapy (intravitreal injection) 

with anticancer drugs. 

Retinopathy of prematurity is characterized by the growth of abnormal blood vessels 

in the immature retinas of preterm neonates. The treatment strategies include surgical 

methods such as vitrectomy, scleral buckling, laser surgery and cryosurgery, and 

intravitreal administration of anti-VEGF drugs [37]. 

 

4. Routes of administration for the treatment of ocular diseases 

The therapeutic drug molecules (hydrophilic, hydrophobic, or amphiphilic) are 

administered to ocular tissues by different routes so as to improve their bioavailability in 
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the tissue of interest in the eye. The most commonly employed routes for drug 

administration are as shown in figure 2. 

 

 

Figure 2: Schematic representation of human eye and routes of drug administration 

 

Among all the routes of drug administration mentioned, the topical route is the only 

noninvasive way, whereas, all the other routes are invasive in nature. Therefore, the 

topical application is preferred due to safety reasons and also it improves patient 

compliance. Upon topical administration of a drug solution, a fraction of the administered 

dose is bioavailable at anterior eye tissues to enable therapeutics. However, the 

bioavailability of drugs at posterior eye tissues is negligible upon topical administration 

due to the presence of static and dynamic ocular barriers. To overcome this, drugs are 

injected into the eye via subretinal, subchoroidal, and intravitreal injections to achieve 

higher bioavailability at the tissue of interest [38]. Although these injections provide 

higher bioavailability at the tissue of interest, they can be associated with serious 

complications such as endophthalmitis, retinal detachment, IOP increase, intraocular 

bleeding, pain and discomfort to the patient, resulting in poor patient compliance. 

Therefore, if the bioavailability of drugs to both anterior and posterior eye tissues can be 

improved using the noninvasive route of administration (topical route), it would clearly 
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hold an advantage over the other ways for the treatment of ocular diseases. Thus, in the 

following sections, the topical route of administration has been emphasized.  

 

4.1 Transport of therapeutic molecules or DDS after the topical route of 
administration 

Topically administered drug molecules or DDS first come in contact with tear film 

followed by transport across eye tissues. At this juncture, drug molecules can take two 

pathways which are classified as the corneal pathway and the conjunctival pathway. In 

the corneal pathway, drug molecules traverse through the cornea, aqueous humor, iris, 

lens, and vitreous body so as to reach the retina. In the conjunctival pathway, drug 

molecules traverse through conjunctiva, sclera, choroid, and RPE so as to reach the retina. 

The bioavailability of the drug is relatively higher at superficial tissues (cornea and 

conjunctiva) and relatively lower at the deep/underlying tissues due to the structure and 

physiology of the aforementioned ocular barriers [39]. This transport pathway can also be 

extrapolated to intraocularly administer therapeutic agents, that is, drug transport from 

the site of injection to the underlying ocular tissues. Furthermore, the permeation and 

extent of bioavailability for topically administered drug molecules is strongly governed by 

physicochemical properties of therapeutic agents such as molecular weight, molecular 

size, hydro-philicity/-phobicity and surface charge, etc. [28].  

 

4.2 Influence of physicochemical properties of topically administered therapeutic 
molecules 
 

Since ocular tissue layers are composed of dissimilar cellular and ECM components, 

they show differential permeability towards hydrophilic, hydrophobic, anionic, and 

cationic molecules. The tear film layer readily interacts with hydrophilic mucoadhesive 

molecules and presents them to the underlying corneal tissue for interaction [18]. Since 

cornea consists of cellular and ECM components, specific hydro-philicity/-phobicity is 

required for a molecule to traverse through corneal layers. The conjunctiva, due to its 

cellular composition, facilitates partitioning and permeation of hydrophobic molecules 

[22]. Sclera, due to its fibrous structure, causes higher partitioning of hydrophobic 

molecules [40] and higher penetration of hydrophilic molecules. The choroidal layer, due 

to the presence of fenestrations, does not exhibit strong barrier properties. However, 
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choroidal vascularization readily clears the drug from ocular tissues and dilutes it in the 

systemic circulation. The RPE shows high permeability for hydrophobic molecules 

compared to hydrophilic ones [30]. Furthermore, permeation across these ocular layers is 

inversely proportional to molecular weight or molecular size [28, 30]. It has been 

observed that increasing lipophilicity of β-blocker drugs decreases permeation across 

sclera–choroid–RPE layers of human, bovine, porcine, rabbit, and rat models [41] which 

demonstrate that an optimal hydro-philicity/-phobicity is required for therapeutic agents 

to cross the ocular barriers. It has also been demonstrated that anionic molecules cannot 

permeate across lens capsule, whereas, cationic molecules get immobilized in vitreous 

body which indicates that the net surface charge of a molecule also affects its tissue 

distribution in the eye. Similarly, the composition and physicochemical properties of a 

delivery system will also affect its tissue distribution [39]. Therefore, ocular tissues show 

differential drug penetration based on the physicochemical properties of therapeutic 

molecules/delivery systems being used. 

  

5. Ocular drug delivery systems (DDS) 

A delivery system is used as a vehicle to deliver its cargo to the tissue of interest in the 

body at the desired concentration, duration, and kinetics. For ocular drug delivery 

applications, a DDS plays an important role in transporting drugs across ocular tissues so 

as to make it bioavailable and enable therapeutics at specific tissues in the eye. Drug 

delivery to ocular tissues can be achieved by using conventional drug formulations as well 

as advanced DDS. 

 
5.1 Conventional drug formulations for the treatment of ocular diseases 

Conventional formulations such as drug solutions, suspensions, and ointments have been 

widely explored for drug administration to ocular tissues. Drug solutions and suspensions 

are administered via eye drops or injections, whereas ointment-based formulations are 

applied topically for the treatment of ocular diseases. The most commonly used 

conventional drug formulations are discussed below.  
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5.1.1 Ophthalmic solutions and suspensions 

Ophthalmic solutions or suspensions are sterile, isotonic, aqueous, or oily 

preparations in which a drug is either dissolved or suspended in a solvent and 

administered in the form of eye drops or intraocular injections. When these formulations 

are administered topically, a substantial proportion of the drug is cleared off from the eye 

by tear fluid and the remaining drug (<5%) is bioavailable at anterior eye tissues [42]. 

Consequently, less than 0.02% of the drug will reach the anterior chamber and less than 

0.0001% will reach the posterior chamber (vitreous body) [42]. When these formulations 

are injected intraocularly, a substantial proportion of the drug is bioavailable initially at 

the site of injection. However, due to the presence of dynamic ocular barriers (aqueous 

humor, choroidal, and lymphatic circulation), the bioavailable drug gets readily cleared 

from the eye and so demanded frequent drug administrations. A frequent drug 

administration may result in poor patient compliance. Furthermore, conventional 

formulations cannot control spatial distribution and temporal release of drug in order to 

elicit its desirable pharmacological effect. 

 
5.1.2 Ophthalmic ointments 

Ointments are semisolid dosage forms consisting of a base in which a drug is either 

dissolved or dispersed. There are four types of bases that are commonly used for 

preparation of ointments. These include oleaginous bases, absorption bases, emulsion 

bases and water soluble/water miscible bases. Upon topical application, the ointment 

melts at body temperature and as a consequence the drug is absorbed through ocular 

layers. The advantage of ointment systems over solution/suspension systems in topical 

drug applications is that ointments can resist clearance by tear fluid and thus they can 

offer a higher bioavailability at anterior eye tissues. However, ointments composed of 

oleaginous bases can transiently cause blurring of vision and discomfort to the patient. 

The disadvantages associated with such ointments can be overcome by using water 

soluble or water miscible bases that can form hydrogel-based delivery systems. Hydrogels 

due to their transparency and viscous nature are widely used for ocular drug delivery 

applications therefore have been discussed in advanced DDS. 
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5.2 Advanced nanoformulated ODD Systems 

Nanomedicine has revolutionized the field of ocular drug delivery by improving the 

bioavailability of therapeutic molecules at ocular tissues. Ophthalmic drug delivery 

represents the lion's share in the ocular involvement of nanotechnology. Nanoparticles 

(NPs) one of the important carrier systems used in nanomedicine are colloidal drug 

delivery systems (colloidal DDS) with a high surface area to volume ratio (figure 3). Such 

colloidal systems (especially those with desired surface characteristics) get internalized by 

cells through different endocytosis pathways [44]. This, in turn, enables penetration of 

the entrapped therapeutic agents across ocular tissues. Furthermore, nanoparticles can 

provide sustained drug release and increased residence time of entrapped cargo 

molecules at ocular tissues which can help to reduce the frequency of drug 

administration. This has accelerated the exploration of nanoparticulate systems for 

sustained drug delivery applications in the treatment of ocular diseases through 

intravenous, periocular, subconjunctival, suprachoroidal or intravitreal injections and 

topical route of administration. 

 

Figure 3: Schematic representation of various colloidal drug delivery systems (the relative dimensions of 
schematically represented colloidal carriers may differ from each other) 
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Subsequently will be mentioned the specific nanoparticles categories and some of 

their most representative applications as ocular drug delivery systems as they have been 

collected from international literature. 

 
5.2.1 Lipidic Nanocarriers 

Lipidic nanocarriers are considered the most beneficial and promising technological 

platforms for encapsulating bioactive molecules. Advantageous properties are the 

biocompatibility and biodegradability due to their lipidic nature and among others, 

exhibit high ability to entrap bioactive molecules with different solubilities. For that 

reason they have emerged as interesting nanosystem for delivering bioactive molecules 

to the target tissues. Their ability to improve the active and passive targeting mechanisms 

is of importance for exploring new disease targets. 

According to their chemical structure lipid nanocarriers are categorized to the 

following categories: 

a. Liposomes 

b. Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers (NLC) 

c. Nanoemulsions 

 
5.2.1.1 Liposomes  

Liposomes were firstly described by Alec Bangham in 1965 [45]. For decades, 

liposomes are one of the most promising bioactive molecules for drug delivery. 

Liposomes are basically artificial vesicles or colloidal particles, which are made up of 

natural and non-toxic cholesterol and phospholipids as the main ingredients for the 

formation vesicular bilayers of lipid, or lipid-drug complex, or a sheet-drug complex. 

Most important parameters [46] studied in liposomal manufacturing are: 

a. Liposome lipid composition. The predominant lipids are phospholipids and 

cholesterol. 

b. Temperature, pressure, ionic strength, and presence of ions or macromolecules, 

e.g., proteins, enzymes, and bioactive molecules in the specific water 

environment. 

c. Lipid membrane permeability, elasticity, width and shape, and its ability to 

interact with other cell membranes. 
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d. Lipid concentration in the final dispersion system.  

According to size and number of bilayers the various liposomal types can be classified 

as following: multilamellar vesicles (MLVs), large unilamellar vesicles (LUVs), small 

unilamellar vesicles (SUVs) and multivesicular vesicles (MVVs). 

The liposomes are very promising as DDS due to their size and amphiphilic properties. 

They can encapsulate hydrophilic drugs inside the aqueous core as well as hydrophobic 

drugs inside the lipid bilayers and also shows a very good biocompatibility with the ocular 

tissues. The liposomes that are approved for use in humans contain neutrally charged 

phosphatidylcholine (PC) with fatty acyl chain of variable degree of saturation and at 

different lengths. The properties shown by liposomes vary significantly with changes in 

the composition of lipid, its surface charge, the method that is used for its preparation 

and its size. For modulating the rigidity of the membrane, and also for reducing the 

instability caused due to serum-protein binding with the liposomal membrane, 

cholesterol is included in the formulation most of the time. The composition of the head 

group of the lipid and pH determines the surface charge of the liposomes, whether 

positive, negative, or neutral. It has been seen that the liposomes that bear a positive 

charge on their surface are favorably captured by the negatively charged corneal tissues 

in comparison with the negatively charged liposomes and the neutral ones. Furthermore, 

the density of these charges and their nature influences the characteristics of the 

formulation, such as its stability, kinetics, distribution in the body, and also determines 

how the target cells will interact with the liposomes. [47, 48] 

On liposomal surface, small molecules or macromolecules can be connected; these 

include antibodies that change the physicochemical properties of their surface and also 

act as ligand moieties for specific cellular targets. This process is very important and 

specifies nanosystem functionality and its physical stability on time of production and 

over its use. 

Liposomes have the ability of transferring bioactive molecules inside the cell through 

the following mechanisms: 

a. Following administration, the liposomes on coming into contact with the cell may 

release its content onto the cell surface, which then enters the cytoplasm of the 

cell. 
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b. Liposomes that are loaded with drug may also get adsorbed onto the surface of 

the cell either specifically or non-specifically and release its content, after being 

destabilized by certain components of the cell membrane, and then enter the cell 

by the process of micropinocytosis.  

c. Liposomes may also fuse with the membrane of the cell and deliver the 

therapeutic agent into the cytoplasm.  

d. The drug-loaded liposomes may also get endocytosed either directly or indirectly, 

thereby being delivered into the lysosome by the endosome, and releasing the 

drug into the cytoplasm, following provocation of destabilization of the endosome 

by the liposome.  

e. The liposomes also have the capability to undergo an exchange of its lipids with 

the lipids of the cellular membrane via the transfer-protein-mediated exchange 

[49]. 

Liposomal DDS have been widely explored for ophthalmic drug delivery applications 

to improve ocular bioavailability of administered drugs. Several research studies have also 

demonstrated that liposomal ocular delivery is effective for both anterior and posterior 

segments [50]. In the following paragraphs will be referred to existing commercial 

formulations, as well as on a few novel DDS that are under preclinical and clinical 

investigation. 

 
Anterior segment ocular diseases 

Ocular Surface Disease (OSD) or Dry Eye Disease (DED)  

There are several liposomal products on the market for DED treatment, such as Tears 

again® and Lacrisek®. These liposomal formulations are composed of phospholipid PC 

that provides lubrication, prevents tear film evaporation and attenuates dry eye 

symptoms. Liposomal formulations have been demonstrated to provide improved 

efficacy compared with traditional eyedrops. Lacrisek® (the liposome formulation of 

vitamin A palmitate and vitamin E) and nonliposomal Artelac Rebalance® (the PEG and 

hyaluronic acid based aqueous formulation of vitamin B12) eyedrops were administrated 

to 15 dry eye patients separately. Both formulations improved patient blinking frequency 

and corneal exposure, and the effects from the liposomal formulation Lacrisek® appeared 

to be quicker, stronger and more stable over time than those of the nonliposomal Artelac 
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Rebalance® formulation. In particular, the liposomal eyedrops Lacrisek® provided 

progressive and sustained increase of the interblink interval up to 60 min after 

administration; while, Artelac Rebalance® showed protective effects only by 10 min. In 

comparison to the nonliposomal conventional eyedrops, liposomal eyedrops can better 

mimic the composition of tear film lipid layers and provide sustained integration with the 

lipid layers of the tear film and, thus, better efficacy. The liposomal formulations can also 

decrease tear film osmolarity and improve tear film stability [51]. Besides the liposomal 

eyedrops, liposomal sprays have also been developed, and have been shown to be more 

convenient for patients wearing contact lenses [52]. Optrex™ ActiMist™ is a liposomal 

spray of vitamin A and E for DED treatment, which provides instant relief and longer 

effects for up to 4 h. However, none of these liposomal formulations was used to treat 

the disease itself but to provide relief of the discomfort caused by dry eye. The 

therapeutic role of the vitamins in all these liposomal formulations was not fully justified. 

The liposomes without vitamins could also generate a certain degree of relief in 

symptoms through the lipid materials. Therefore, the placebo liposomes without vitamins 

(or other actives) should be used as a control. The exact benefits and advantages from 

liposomes as topical eyedrops are still not fully established. 

Ren et al. [53] investigated azithromycin liposomes for the treatment of dry eye 

disease. In vivo pharmacodynamic studies in rats showed a reduction in the symptoms of 

dry eye disease, and the azithromycin liposomal treatment had higher safety and efficacy 

as compared with hyaluronic acid sodium eye drops. 

 
Corneal infections 

A positively charged liposomal formulation for topical administration of acyclovir 

(ACV) was investigated by Chetoni et al. [54] in comparison with a commercial ACV 

ointment, by determining the pharmacokinetic profile of the drug in the aqueous humor 

of rabbits after topical administration. The ointment was tested at two different 

strengths: undiluted (3.0%) and diluted to the same ACV concentration as the liposomal 

vehicle (0.12%). A liquid formulation containing ACV plus “empty” liposomes and an 

isotonic aqueous ACV solution were also tested. The ACV liposomal dispersion (LIPO-ACV) 

produced a significantly higher drug concentration profile in the aqueous with respect the 

three reference formulations containing the same ACV concentration, and showed a 90- 
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minute plateau. Also the potential of liposomes, for carrying acyclovir (ACV) to eye was 

studied by Law et al. [55] 

In another study, Taha et al. [56] formulated several liposomal formulations 

containing ciprofloxacin (CPX). The effect of formulation factors such as type of 

phospholipid, cholesterol content, incorporation of positively charging inducing agents 

and ultrasonication on the properties of the liposomal vesicles was studied. Bioavailability 

of selected liposomal formulations in rabbit eye aqueous humor has been investigated 

and compared with that of commercially available CPX eye drops (Ciproxin®). The 

investigated formulations showed more than three folds of improvement in CPX ocular 

bioavailability compared with the commercial product. 

Topical voriconazole (VOR) liposomes were developed by De Sá et al. [57] for fungal 

keratitis treatment. Several types of liposomes were tested. Overall results 

suggest VOR can be effectively incorporated in liposomes for potential topical treatment 

of fungal keratitis. 

 
Pre & Post – operative situations, inflamations 

Li et al. [58] formulated a diclofenac sodium-loaded liposomal formulation with low 

molecular weight chitosan (CH) coating. Results demonstrated a slight increase in the 

particle size with prolonged release of drug. Stability test results were acceptable. CH-

coated liposome showed an enhanced retention and penetration through the cornea. No 

cases of ocular irritancy or toxicity were observed. 

Singh et al. [59] formulated liposomes containing triamcinolone acetonide (TA). They 

observed a twofold enhancement in drug concentrations in the cornea as well as in the 

aqueous humor, in rabbits, in comparison to the suspension formulation. The liposomes 

maintained the higher drug concentration in the aqueous humor for 5 h. 

Sun et al. [60] entrapped short-chain-conjugated ceramide and C6-ceramide in 

liposomes and applied to the treatment of corneal inflammation in mice. Ceramides are 

known for their role as an antiproliferative and proapoptotic agents in sphingolipid 

metabolism. The C6-ceramide liposomal formulation demonstrated significant efficacy in 

corneal inflammation reduction in a murine model. 

In another study Zhan et al. [61] observed that the presence of corneal surface 

binding ligand, succinyl-concanavalin A, on liposomal surfaces substantially enhanced the 
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duration of action of liposome entrapped anesthetic drugs (tetrodotoxin and 

dexmedetomidine) compared to unmodified liposomes. 

The aforementioned studies demonstrated the ability of liposomal formulations and 

efficiency of surface modification in improving ocular retention, bioavailability and 

sustained release of entrapped therapeutic molecules. The bioavailability of liposomal 

drug carriers can be further improved using a gel-based hybrid system as a dispersion 

medium for the liposomes. 

 
Glaucoma  

Efficacy of such a hybrid system for ophthalmic drug delivery applications was 

described by Yu et al. [62] In this study, a hybrid formulation consisting of the PC-based 

liposomal system was incorporated into deacetylated gellan gum-based gel formulation 

for the delivery of timolol maleate (TM). Ex vivo permeation studies in isolated rabbit 

cornea showed a 1.93-fold increase in apparent permeability coefficient for the liposomal 

system. Furthermore, the hybrid system increased the retention time of liposomes on the 

corneal surface up to 10 min and showed a therapeutic effect in rabbits for a longer 

duration (double the time of solution-based formulations) along with better efficacy. Also 

Hathout et al. [63] showed that TM gelatinized liposome treatment resulted in lowering 

the IOP when evaluated in vivo on the eyes of glaucomatous rabbits. These studies 

demonstrate the efficacy of liposome-based hybrid DDS for the effective treatment of 

anterior eye diseases. 

A study reported by Arroyo et al. [64] showed that topical ophthalmic administration 

of a 10-fold lower dose of conventional nanoliposomes elicited equivalent therapeutic 

effects (lowering IOP) as that commercially available eye drop formulations which 

demonstrates the ability of liposomal formulations to improve ocular bioavailability. The 

purpose of this study was to compare the in vivo efficacy of several TM-loaded 

liposomal formulations with current TM antiglaucoma treatment (aqueous 0.5% 

w/v eye drops). In addition to the IOP lowering the effective time was significantly longer 

and the formulations showed no irritant effects after instillation on the ocular surface. In 

addition to the delivery system per se, the surface properties and presence of ligands on 

the liposomal surface also play an important role in cellular interaction and subsequent 



26 
 

internalization thus influencing ocular residence time and bioavailability of the 

administered medicaments. 

In a recent study Tan et al. [65] demonstrated the comparative efficacy of an 

unmodified liposomal system and a chitosan (CH) surface-modified liposomal system with 

respect to solution-based systems for the delivery of TM to anterior eye tissues. In vivo, 

pharmacokinetic studies demonstrated a higher bioavailability of CH-coated liposomes 

(3.9-fold) followed by unmodified liposomes (1.71-fold) when compared to drug solution. 

Furthermore, the liposomal systems showed sustained drug release in ocular tissues 

which led to an effective reduction of IOP in the treatment of glaucoma. 

Quancheng et al. [66] developed a tocopheryl polyethylene glycol succinate (TPGS) 

modified liposome ocular DDS for brinzolamide (BZ) for the treatment of glaucoma. 

White New Zealand rabbits treated with BZ-liposomes maintained an effective reduction 

in IOP after drop instillation. Such results indicate a high potential for clinical translation 

for liposomal drug delivery of hydrophilic agents for the treatment of glaucoma. 

Latanoprost, a lipophilic prostaglandin analogue, is a potent IOP lowering agent 

currently marketed as Xalatan® (Pfizer) for the treatment of glaucoma and ocular 

hypertension. In Xalatan®, the active ingredient, latanoprost 0.005%, is solubilized in 

water by 0.02% of benzalkonium chloride (BAK). Despite being the leading antiglaucoma 

medication, there are two drawbacks of Xalatan® that may have impacted its huge 

commercial success: a) the formulation was not stable at room temperature necessitating 

storage at 5◦C and b) BAK in the formulation as a preservative and solubilizing agent 

causes ocular surface toxicity which probably resulted in decreased compliance. As the 

patent protecting this molecule has been expired since 2011, there is an opportunity to 

improve upon the disadvantages of Xalatan®. 

Subconjunctival injection of latanoprost-loaded liposomes demonstrated sustained 

IOP reduction in rabbits and non-human primates (NHPs) for up to 4 months [67]. 

Latanoprost was encapsulated into egg PC-liposomes with sizes of 100 nm and a 

drug:lipid ratio of 18.1%. The final drug loading was 1.18 mg/ml, which is 20-fold higher 

than the commercially available latanoprost eyedrops (50 μg/ml in Xalatan®) that need 

daily administration. The liposomal latanoprost formulation was reported to be stable for 

at least 6 months at 4℃ and at least 1 month below 25℃ without significant change in 

particle size. Latanoprost-loaded egg PC-liposomes demonstrated sustained release of 
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60% of drugs within 2 weeks and 100% of drugs within 60 days in vitro. A single SCT 

injection of egg PC liposomes when applied to NHPs provided sustained efficacy of 

lowering IOP for 120 days, much longer than the in vitro drug release, which was 60 days 

for complete release. The average IOP reduction of latanoprost liposomes (14.99 mmHg) 

was comparable to the daily administration of Xalatan® eyedrops (15.03 mmHg). The 

second SCT injection of liposomal latanoprost formulations in NHPs conducted at day 120 

resulted in sustained IOP reduction in the following 180 days. It was explained that the 

longer IOP reduction in NHPs was caused by the interaction between latanoprost and the 

pigment melanin, which is not distributed in the eyes of New Zealand White rabbits. 

Because melanin is an important factor for ocular drug delivery, Dutch belted rabbits with 

pigmented eyes should be considered at the ocular pharmacokinetics and efficacy 

studies. Latanoprost is a hydrophobic drug, which demonstrated very low water solubility 

of 40 μg/ml in saline, and it would be very interesting to find out how the hydrophobic 

latanoprost was effectively transported into the eye. A pharmacokinetics study could be 

added to detect the drug levels in the anterior chamber and the total dose remaining in 

the conjunctiva injection site with time, which would greatly support the long-term 

efficacy at reducing IOP following one single SCT injection of the liposomal latanoprost 

formulation. Currently, the latanoprost-loaded liposomal formulation has finished its 

Phase II clinical trials (NCT02466399), demonstrating clinically significant IOP reduction in 

glaucoma patients 6 months after one single SCT injection [67]. 

 
Posterior segment ocular diseases 

 Topically administered liposomal carriers have also been shown to improve 

bioavailability in posterior eye segment tissues. The ability of liposomal carriers in offering 

a better therapeutic efficacy in retinal damage was demonstrated by Shimazaki et al. [68].   

In this study, PC-based liposomal carriers when topically administered in mice, delivered 

edavarone (antioxidant) to retinal tissue in higher quantities when compared to 

edavarone solution. Hence, a higher therapeutic efficacy was observed with liposome-

based DDS for the treatment of retinal damage. In another study, Sasaki et al. [69] have 

shown that surface modification of negatively charged liposomes using a cationic polymer 

poly-L-lysine enhanced retinal bioavailability of topically administered liposomes 

compared to unmodified liposomes. 
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Choroidal Neo – Vascularization (CNV) 

Photodynamic therapy (PTT) is the only systemic therapy approved for wet AMD in 

which a photosensitizer is administered intravenously and after certain time, targeted site 

is illuminated with specific laser. It activates the photosensitizer liberating highly reactive 

short-lived singlet oxygen and other oxygen reactive radicals which cause death of local 

blood vessels. A liposome based formulation verteporfin (marketed as Visudyne® since 

2002, Novartis AG) was a great achievement in ocular therapeutics but it required 

frequent visits of patients to the clinic and ample cautions to adopt, like patient should be 

in dark after treatment for some time to avoid side effects. It offered symptomatic relief 

as it was not targeting root of the diseases. After some time, patient may again develop 

NV. Frequent treatment with this may affect the quality of life. Like verteporfin, a new 

photosensitizer, rostaporfin (Photrex®) is under clinical trial for photodynamic therapy of 

macular degeneration [70]. 

Davis et al. [71] developed annexin A5 associated phospholipid vesicles. It has been 

suggested that the anionic phospholipid binding protein annexin A5, may have a role in 

drug delivery. In their study was demonstrated, using a combination of in vitro and in vivo 

assays, that the presence of annexin A5 can significantly enhance uptake and transcytosis 

of liposomal drug carrier systems across corneal epithelial barriers. This system is 

employed to deliver physiologically significant concentrations of bevacizumab (Avastin®) 

to the posterior segment of the rat eye (127 ng/g) and rabbit retina (18 ng/g) after topical 

application. Their observations provide evidence to suggest annexin A5 mediated 

endocytosis can enhance the delivery of associated lipidic drug delivery vehicles across 

biological barriers, which may have therapeutic implications. 

In a study conducted by Zhang et al. [72], intravitreal delivery of anti-inflammatory 

antibody infliximab (Remicade®) using liposomal carriers showed long-lasting retention in 

retinal tissues, approximately three times higher, compared to infliximab solution. The 

authors also demonstrated that liposomes have a great affinity for retina and as a result 

efectively reduced inflammatory complications of autoimmune uveoretinitis in rats. 
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5.2.1.2 Solid Lipid Nanoparticles (SLNs) & Nanostructured Lipid Carriers (NLCs) 

Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) are lipid-based 

colloidal systems which are formulated by emulsifying a mixture of molten lipid, drug and 

surfactant in aqueous media followed by cooling.  

SLN have been widely used for drug delivery via oral, topical, ophthalmic, parenteral 

and other routes [73, 74]. SLN suffer from some disadvantages such as burst release with 

hydrophilic drugs and low drug loading owing to the solid crystalline state of the NPs. 

These shortcomings led to the development of second-generation lipid NPs, the NLC. NLC 

differ from SLN in that liquid lipid is mixed with solid lipid which prevents crystallization of 

lipids (Figure 4). This incorporation leads to the formation of one of the following: 

imperfect NLC, multiple types NLC or structureless NLC. The type of NLC formed depends 

on the concentration of liquid lipid utilized and method of preparation employed. 

Inclusion of the liquid lipid in the NLCs enhances drug solubility, thereby increasing drug 

loading significantly, and reduces the crystallinity of the solid lipid, consequently reducing 

the problem of drug expulsion. Recently, a few studies have demonstrated the ability of 

the SLN to permeate across the cornea into the aqueous humor. 

 

 

 
Figure 4: Illustration highlighting difference between polymeric micelles, liposome, solid lipid nanoparticle 
and nanostructured lipid carriers (NLC: Nanostructured lipid carriers; SLN: Solid lipid nanoparticle). 
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Anterior segment ocular diseases 

Kumar et al. [75] formulated VOR-loaded SLN and studied ocular permeation of VOR, 

ex vivo (excised rabbit corneas) and in vivo in rabbits. The particle size of the formulation 

ranged from 234 to 343 nm. The area under the curve (AUC) for concentration in aqueous 

humor over the 12-h time period, was approximately twofold greater for SLN in 

comparison to drug suspension. 

Similarly, in another study, Kalam et al. [76] showed that permeation of gatifloxacin 

was increased using SLN formulation, in vivo in rabbits. The gatifloxacin area under the 

aqueous humor concentration-time curve was approximately threefold higher in 

comparison to Gate® commercial eye drops. The authors ascribed this to the changes in 

the elimination from the aqueous humor (∼half) and a significant increase in the Cmax. 

In another study by Cavalli et al., tobramycin salt–ion pair complex-loaded SLNs were 

compared with solution formulations. Aqueous humor pharmacokinetic parameters were 

significantly better for the SLNs in comparison to tobramycin solution, in vivo in rabbits 

[77]. Tobramycin AUC was found to be significantly higher (∼four-times) and Cmax was 

found to be about twofold higher for the SLNs in comparison to the solution. From the 

precorneal retention study, using a fluorescent probe tagged to the SLN, the residence 

time in the lower fornix of the eye (cul-de-sac) for SLN (90 min) was higher in comparison 

to solution (30 min). 

Similarly, baicalin, methazolamide and ibuprofen-loaded SLNs showed significantly 

better transcorneal permeation and/or pharmacokinetic properties (AUC, Cmax) in 

comparison to the conventional dosage forms (suspensions, solutions) which were used 

as comparators [78]. 

In a recent study by Balguri et al. [74] demonstrated the advantages of SLNs and NLCs 

in terms of drug loading and ocular penetration. Indomethacin was used as the 

therapeutic candidate whose ocular distribution was evaluated following topical 

application. The studies revealed that the NLC formulations were capable of higher drug 

loading and achieved significantly higher concentrations in all the ocular tissues tested. 

The data also demonstrated that surface modification of the NLCs with PEG improved 

ocular penetration. 

Other studies have also demonstrated that surface modification of the NLCs can 

improve in vivo biodistribution of the drugs. Shen et al. [79] formulated thiolated 
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nanostructured lipid carriers (Cys-NLCs) for ocular delivery of cyclosporine A (CsA). CsA is 

a very lipophilic immunosuppressant drug (calcineurin inhibitor) and is widely used by 

ophthalmologists due to its recognized therapeutic potential for the treatment of ocular 

diseases (dry eye, allergy, and inflammation) [80]. They compared Cys-NLCs, non-

thiolated NLCs and oily solution of CsA in the pharmacokinetic study, by analyzing their 

tear fluid, cornea, iris ciliary and aqueous humor at various time points, in vivo in rabbits 

and thy found that Cys-NLCs demonstrated superior pharmacokinetic behavior in 

comparison to all other formulations. Also in a study conducted by Sandri et al. [81], 

surface modification of CsA-loaded SLN using chitosan improved cellular uptake and 

permeation of CsA across cornea. 

The ocular bioavailability of SLN can also be improved using a gel-based system as a 

medium for SLN administration. Such hybrid systems are able to further reduce 

precorneal clearance of administered SLN and as a result, offer higher bioavailability and 

improved penetration in anterior tissues of the eye [82]. Development of lipid 

nanocarriers having optimal viscosity as well as mucoadhesion may together offer 

improved ocular bioavailability. The efficacy of such DDS was demonstrated by [83]. In 

this study, the corneal bioavailability of a fluorescent molecule, coumarin-6 was 

enhanced upon topical administration using CH-N-acetylcysteine surface-modified 

nanostructured lipid carriers (CH-NAC-NLC) when compared to pristine NLC and CH-

coated NLC. The designed CH-NAC-NLC offered dual advantage, that is, enhanced 

viscosity and enhanced mucoadhesion (due to the formation of ionic and disulfide bridges 

with mucus). This resulted in prolonged retention on the ocular surface that enabled 

transcorneal penetration of the nanocarrier when studied in rabbit eyes [74]. Based on 

the aforementioned studies, it is evident that SLN/NLC are a good choice for topical [74, 

84] and intraocular drug delivery applications [85]. 

 
Posterior segment ocular diseases 

Araujo et al. [86] formulated NLC for delivering TA to the posterior ocular segment. 

Their results demonstrated a particle size of 173.30 ± 0.32 nm, with a good encapsulation. 

Furthermore, in vivo studies in mice demonstrated that the system could effectively 

deliver lipophilic drugs to the posterior ocular segment. The formulations were also found 

to have acceptable stability. 
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5.2.1.3 Nanoemulsions  

Nanoemulsions are clear, isotropic, thermodynamically stable colloidal DDS consisting 

of droplets (5–200 nm in size) dispersed in a medium. Nanoemulsions are formulated as 

w/o (water in oil) or o/w (oil in water) forms using water, oil, surfactant and cosurfactant. 

For ophthalmic drug delivery applications, o/w nanoemulsions are commonly used 

compared to w/o nanoemulsions because o/w nanooemulsions can readily mix with 

aqueous fluids of the eye and hence can improve bioavailability unlike w/o 

nanooemulsions. Hence, o/w-based nanoemulsions are widely used for the delivery of 

hydrophobic drugs across ocular tissues. Due to the small size and large surface area of 

the dispersed droplets, nanooemulsions have been demonstrated to exhibit a better 

interaction with ocular tissues and as a consequence improve permeation, retention, and 

bioavailability of topically administered medicaments. 

An interesting approach of the above seems to be the Novasorb® technology, 

originated from work of Benita et al. [87] and developed by the Novagali Pharma SA. The 

Novasorb® technology platform is based on the cationic nanoemulsion approach. The 

overall Novasorb strategy exploits the fact that the corneal and conjunctival cells and the 

mucus layer of glycosyl amino glycans lining the ocular surface are negatively charged at a 

physiological pH [17]. When applying a positively charged formulation to the eye it is 

likely that an electrostatic attraction will occur prolonging the residence time of the 

formulation on the ocular surface (Figure 5). In addition, the nanosize of the oil droplets 

creates a huge contact surface with the ocular surface cells enabling enhanced 

absorption. The potential of cationic emulsions for ophthalmic drug delivery was rapidly 

seen to offer advantages over the existing topical drug delivery vehicles [88]. 

 

Figure 5: Cationic nanoemulsion interacting with negatively charged corneal cells. The effects of the cationic 
emulsion are (1) to bring lipids to stabilize the tear film, (2) to interact electrostatically with mucins, and (3) 
to improve ocular absorption [89]. 
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The Novasorb® technology platform was ultimately designed to be loaded with active 

molecules. Even so, the cationic emulsion itself [89] with no active ingredient possesses 

beneficial properties. Its composition comprising oil, water, surfactants, and glycerol 

reduces evaporation of tears from the ocular surface while lubricating and moisturizing 

the eye. Altogether the components confer a protective effect by augmenting each layer 

of the tear film. Based on the inherent properties of theNovasorb® technology, restoring 

the deficient layers of the natural tear film, Cationorm®, a preservative-free cationic 

emulsion containing no active ingredient, has been commercialized globally for the relief 

of dry eye symptoms. 

Nearly 40% of new chemical entities have a low aqueous solubility, therefore potential 

candidates to be loaded into Novasorb®. Novagali Pharma incorporated about 40 

lipophilic active ingredients of various therapeutic classes (NSAID, SAID, antibiotics, 

antifungals, etc.) proving the versatility of this emulsion. Herein only the most advanced 

products will be mentioned. CsA was considered an excellent initial candidate to evaluate 

the potential of the Novasorb® cationic emulsion to improve the efficacy of an 

established drug. Therefore, the primary challenge in the development of a cationic 

emulsion containing CsA was to design the optimal formulation [80] for topical delivery. 

Today, Novagali Pharma has developed two products, with good results, based on the 

Novasorb technology loaded with CsA: Cyclokat® for the treatment of dry eye and 

Vekacia® for the treatment of vernal keratoconjunctivitis. 

Given the disadvantages of Xalatan® (commercial Latanoprost 0,005%), as mentioned 

before, Novagali launched the development of Catioprost®, a preservative-free cationic 

emulsion loaded with latanoprost for the treatment of elevated IOP while protecting and 

improving the ocular surface. 

In a study, Kalam et al. [89] demonstrated that topically administered nanoemulsion-

based delivery system improved ocular permeation and retention of gatifloxacin, and as a 

consequence, improved the bioavailability by up to twofold in aqueous humor of rabbit 

eyes when compared to solution-based systems. Furthermore, the surface modification 

of microemulsion-based delivery systems has also been explored to improve the 

bioavailability of topically administered medicaments at anterior eye tissues. 

In a study conducted by Kesavan et al. [91] an enhanced efficacy of topically 

administered CH-coated cationic nanoemulsions was observed for the treatment of 
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endotoxin induced uveitis in a rabbit model. The results demonstrated that the 

dexamethasone (DEX)-loaded nanoemulsion showed mucoadhesive characteristics and 

prolonged the release of DEX for the effective treatment of uveitis when compared to a 

commercially available drug solution. 

Furthermore, the bioavailability of nanoemulsion-based DDS can also be improved 

using a gel-based system as a medium for topical ophthalmic delivery of nanoemulsion. 

Efficacy of such hybrid system for ophthalmic drug delivery applications was described by 

Gan L et al. [92]. In this study, a hybrid system consisting of a nanoemulsion dispersed in a 

gel system was explored for the delivery of CsA. The resultant system provided sustained 

CsA release and improved bioavailability of CsA (threefold compared to CsA emulsion) 

and hence presented therapeutic levels of CsA at corneal tissues even after 32 hr of 

administration. The results showed the ability of the hybrid formulation to offer better 

therapeutic effect with a reduced frequency of administrations. Other approaches that 

have been explored to enhance the ocular bioavailability of nanoemulsions include use of 

permeation enhancers that has been shown to enhance diffusion of the emulsified 

therapeutic molecules across ocular barriers [93]. Taken together, nanoemulsion-based 

delivery systems have great potential for use in ocular drug delivery applications. 

Restasis® is a preservative-free 0.05% oil-in-water commercial emulsion of CsA and 

was the first CsA ophthalmic product approved by the FDA for DED treatment in 2002 

[94]. In Restasis®, 0.5 mg/ml CsA was dissolved in castor oil with Polysorbate 80 as the 

emulsifying agent. The preservative-free emulsions (particle size 100–200 nm) overcame 

the toxicity shown in earlier preservative-contained oil-based formulations; however, 

Restasis® is still associated with side effects including ocular irritation, instillation pain and 

epiphora [95]. 

 
5.2.2 Polymers  

Polymers are substances of high molecular weight, consisted of repeated units called 

monomers that are connected onto a long chain. Polymer molecules can be linear or 

branched, while the linear or branched chains can be linked with covalent bonds. 

Polymers that consisted of the same monomers are called homopolymers. Polymers that 

consisted of more than one type of monomers are called copolymers. [46] 

Respectively to their structure polymeric ODD systems are categorized as following: 
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a. Polymeric nanoparticles (NPs) 

b. Polymeric mycelles 

c. Hydrogels / nanogels 

d. Dendrimers 

e. Polymeric nanofibers 

 
5.2.2.1 Polymeric nanoparticles 

Polymeric nanoparticles (PNPs) are colloidal NPs (10–1000 nm) where the drug is 

either uniformly distributed throughout the particle matrix (nanospheres) or 

encapsulated inside a polymer shell (nanocapsules). Polymeric NPs can be used to entrap 

either or both hydrophilic and hydrophobic drug molecules [96, 97]. The size of drug-

loaded NPs can range from 50 to 500 nm to effectively overcome ocular barriers and to 

deliver the drug to the ocular tissue either by passive or active transport. A solution of 

NPs can be deposited in the cul-de-sac (lower fornix of conjunctiva) to attain sustained 

drug delivery over a prolonged period of time.  

The composition and surface properties of polymers play an important role in 

governing drug release kinetics and particle–tissue interaction [39]. The surface charge of 

the NPs highly influences their efficient ocular absorption. The cornea and the 

conjunctival tissues have a negatively charged surface. It is observed that cationic NPs 

have a higher retention time on ocular surfaces as compared with anionic NPs. This can 

enhance the drug permeation into the ocular surfaces [98]. Colloidal NPs can also 

increase the solubility of highly hydrophobic drugs and increase the trans-corneal 

permeability of such agents. Various biodegradable and nonbiodegradable NPs for 

treating anterior and posterior segment ocular disorders have been developed. The 

commonly used polymers for ocular applications NPs are poly(lactic-co-glycolic acid) 

(PLGA), Polyethylene glycol (PEG), Polycaprolactone (PCL), polylactic acid (PLA), chitosan 

(CH), albumin, Eudragit® and gelation. Among these polymers, PLGA has been extensively 

studied for ocular drug delivery as it is approved by the Food and Drug Administration 

(FDA) due to its biodegradable, biocompatible and nonantigenic nature. PLGA undergoes 

hydrolysis in the body to produce the original monomers: lactic acid and glycolic acid. 

These two monomers under normal physiological conditions are by-products of 

various metabolic pathways in the body 
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Anterior segment ocular diseases 

Corneal and ocular surface diseases  

Gonzalez-Pizarro et al. [99] studied the development and optimization of       

fluorometholone-loaded PLGA NPs for the treatment of inflammatory conditions of the 

eye. The optimized formulation had significantly greater anti-inflammatory effects than 

the commercial formulation. In addition, NPs increased drug penetration toward the 

vitreous. Polymeric NPs of fluorometholone could provide a suitable alternative for the 

treatment of inflammatory disorders of the anterior and posterior segments of the eye 

against of conventional topical formulations. 

Losa et al. [100] studied the enhancement of the corneal permeation of a hydrophilic 

drug (amikacin sulfate) entrapped in polycyanoacrylate NPs. They studied three NPs 

formulations varying in the type of the stabilizing. Amikacin concentration achieved in 

aqueous humor and cornea for the NPs with dextran was significantly higher in 

comparison to NPs with other stabilizing agents and control amikacin sulfate solution, in 

vivo in rabbits. 

Among others approaches that have been explored for enhancing bioavailability of 

topically administered drugs is use of mucus penetrating particles (MMP). MMP are NPs 

with sizes smaller than the mucus meshwork and dense muco-inert coatings to avoid 

adhesive interactions with mucins of tear film, thus can rapidly penetrate the mucus 

network to reach the epithelium and avoid rapid tear clearance. MPP could potentially 

provide improved drug retention and distribution at the ocular surface [101]. The most 

commonly used molecule for NP fabrication/surface modification is the PEG. Dense 

surface coatings of PEG on NPs beyond a certain density threshold are crucial for MPP to 

achieve rapid penetration through mucus [102]. As the PEG density increased, the 

amount of bound mucin per nm2 on the NP surface was decreased and eventually 

reached a plateau value when the PEG density was 10 PEG chains per 100 nm2. 

Therefore MPP eyedrops reduce particle adherence to mucins and lower particle 

elimination through tear clearance, thus improving drug ocular pharmacokinetics (Figure 

6). 

INVELTYS™ is a new MMP-formulation of loteprednol etabonate (LE) that was 

approved by the FDA in August 2018. With MPP, INVELTYS™ (MPP-LE 1% suspension) 

promotes LE ocular bioavailability and provides a twice-daily LE for the treatment of 
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inflammation and pain following ocular surgery, compared with other steroids only 

approved for 4-times-daily dosing [103]. MPP are expected to greatly improve patient 

compliance and convenience with less frequent dosing. 

 

 

Figure 6: Traditional suspension eyedrops adhere to the mucins and are rapidly cleared from the tear film. 
MPP move through tear mucins to the epitheliumtethered mucins, allowing particle penetration to corneal 
epithelium (Meng T et al., Drug Discovery Today, 2019; 24: 8). 

 

However, even with MPP technology, the retention time of nanomedicine following 

topical instillation is short and repeated dosing is still needed. Periocular injection (e.g., 

SCT and sub-tenon) of nanomedicine can achieve sustained drug delivery to the anterior 

segment, and even to the posterior segment of the eye [104]. It was thought that drugs 

administered by SCT injection and sub-tenon injection penetrate the eye mainly through 

transscleral diffusion, a process that is limited for drugs that are poorly water-soluble. 

However, the therapeutic effects of transscleral delivery of water-soluble drugs injected 

either SCT or sub-tenon are shortlived so frequent injections are required [105]. 

Pan et al. [106] developed a NP delivery system for DEX to treat corneal 

transplantation rejection using SCT injection without the use of frequent eyedrops. The 

clinical standard for preventing corneal graft rejection following surgery is to prescribe 

topical corticosteroid eyedrops for 4-6 times a day for at least 1 month. The requirement 

for frequent administration of corticosteroid eyedrops for extended periods of time is 

associated with poor patient compliance. Thus, there is a compelling need for a 
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formulation that provides sustained release of corticosteroids to the anterior segment of 

the eye. The water-soluble DEX was encapsulated into PLGA NPs. DEX-NPs provided 

delivery of DEX to the conjunctiva, aqueous humor and vitreous for >7 days, whereas DEX 

levels were nearly undetectable one day after soluble DEX solution injection. SCT injection 

of DEX-NPs also achieved high DEX levels in the vitreous, indicating that SCT injection can 

be used to treat posterior segment eye diseases. Observing the rat corneal allograft 

transplantation rejection model, when rats treated with weekly SCT injection of free DEX 

solution, saline or placebo NPs, their grafts were completely rejected in less than 4 weeks. 

By contrast, corneal grafts in rats treated with weekly SCT DEX-NPs (100 mg DEX) 

remained clear and healthy and maintained 100% survival throughout the 9-week study. 

Treatment of corneal graft immunological rejection without the need for compliance 

with frequent eyedrop administration would be a great improvement in clinical 

management of corneal graft rejection. Achieving sustained, low but efficacious steroid 

levels in the eye could improve the treatment of various ocular disorders while removing 

the risk of noncompliance. Given the widespread application of corticosteroids, SCT DEX-

NPs have the potential to treat many other ocular disorders, including corneal 

inflammation, corneal NV [107], noninfectious uveitis and post-surgical pain and 

inflammation. Weekly injection is still too often for clinical application, and long-lasting 

release of DEX up to 3–6 months can be potentially achieved through selecting slower 

degradable polymers such as more hydrophobic PLA polymers and higher molecular 

weight PLGA polymers. More standard pharmacokinetics and safety plus biocompatibility 

studies in larger animals, such as rabbits, need to be included as the next steps in 

development for DEX-NPs. 

 
Glaucoma  

Musumeci et al. [108] investigated PLGA and PLGA-PEG NPs (100-400 nm) for 

sustained release of melatonin. Melatonin-loaded PLGA-PEG NPs demonstrated extended 

precorneal residence of melatonin as evident from the lowering of the intraocular 

pressure in rabbit eye for up to 8 h, with a maximum IOP reduction of 5 mmHg. Aqueous 

solution demonstrated IOP-lowering effect for up to 4 h only. The duration of IOP 

reduction was, thus, significantly greater with the melatonin PLGA NPs than that 

observed with the solution formulation. 
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In another study, Warsi et al. [109] repared dorzolamide (DZ)-loaded PLGA NPs 

utilizing D-TPGS and polyvinyl alcohol as the emulsifiers. The NPs had significantly higher 

transcorneal permeation in vitro, approximately twofold for NPs with TPGS and 

approximately 2.5-fold for NPs with polyvinyl alcohol, in comparison to DZ solution. The 

three DZ formulations – solution, NP with TPGS and NP with polyvinyl alcohol, showed 

IOP reduction of 15.8%, 22.75% and 16%, respectively. The authors hypothesize that the 

increase in permeation and IOP reduction could be attributed to the capability of TPGS to 

inhibit P-glycoprotein. 

In another study, Nagarwal et al. [110] demonstrated the effect of surface 

composition on the ocular bioavailability of polymeric NPs. In this study, the 

bioavailability of topically administered 5-fluorouracil (5-FU, is an antimetabolite that is 

used as antifibrotic agent in glaucoma surgery) loaded sodium alginate-CH NPs, CH-

coated sodium alginate-CH NPs and drug solution was evaluated in aqueous humor of 

rabbits. The CH-coated sodium alginate-CH NPs improved bioavailability up to fourfold, 

whereas, sodium alginate-CH NPs improved bioavailability up to twofold in aqueous 

humor when compared to fluorouracil solution. This study demonstrated the importance 

of surface properties in influencing the bioavailability of topically administered drugs at 

ocular tissues. 

 
Posterior segment ocular diseases 

As mentioned above MPP technology surprisingly was shown to increase LE 

concentration in the iris, ciliary body and retina in the rabbit pharmacokinetics study. 

Furthermore, the in vivo efficacy of PEG-based (MPP) was demonstrated by Schopf et al. 

[111] in animal models such as rabbit and mini-pigs for ocular drug delivery applications. 

These results demonstrated that MPP not only prolonged the residence time of 

therapeutic agents on the ocular surface but also enhanced bioavailability in posterior 

eye tissues when administered topically. However, it remains unknown how MPP 

improved the drug penetration through so many ocular barriers to reach the posterior 

segment of the eye. It should be noted that the detectable drug levels in the retina were 

measured in rabbits, which have smaller eyes than humans. MPP formulations provide a 

big hope for using noninvasive eyedrops to treat the most challenging posterior eye 
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diseases, and the future pharmacokinetic studies in human eyes following topical 

administration of MPP eyedrops would be the key. 

A combined effect of sustained release and higher bioavailability can be achieved 

using a nanoparticulate system composed of a slow degrading polymer along with 

optimal surface characteristics. Polymeric NPs with an optimal surface composition not 

only improve the bioavailability of topically administered NPs at anterior eye tissues but 

also enhances bioavailability at posterior tissues such as the retina. In a study, Mahaling 

et al. [112] fabricated a core-shell nanoparticulate delivery system having a slow 

degrading PCL core and a mucoadhesive pluronic F68 shell for the noninvasive delivery of 

TA to the retina. The results demonstrated that core-shell poly-NPs DDS not only showed 

sustained drug release properties but also enhanced the transport of the drug across 

ocular tissues so as to enhance bioavailability at retinal tissue for the noninvasive 

treatment of DR. 

Doxorubicin (DXR), a known antineoplastic agent, is a HIF-1(Hypoxia inducible factor) 

inhibitor that inhibits HIF-1 transcriptional activity and downregulates expression of 

proangiogenic factors causing strong suppression and regression of ocular NV. However, 

free DXR is rapidly cleared following intraocular injection, so the effects are too short-

lived to be a viable alternative to current frontline therapeutics. Also, DXR caused 

reductions in b-wave amplitudes on electroretinograms (ERGs) and damaged the retina 

when doses were increased to elongate the duration of the activity [113]. In a study, 

Iwase et al. [114] fabricated a slow degradable copolymeric nanoparticulate system 

composed of PEG and poly-(sebacic acid) (PSA) for the treatment of chronic retinal 

diseases (choroidal and retinal NV). The intravitreal administration of DXR NPs to rabbits 

provided sustained release of DXR in aqueous and vitreous humors for 105 days, which 

significantly inhibited NV without showing obvious retinal toxicity. However, the toxicity 

was only evaluated on mice for 2 weeks, and a detailed long-term dose-dependent ocular 

toxicity study of DXR NPs in large animals would be helpful to address the safety issues as 

the next steps of development. 

Fenofibrate is a peroxisome proliferator activated receptor-a (PPAR-a) agonist and 

has shown its therapeutic potential in PDR and wet AMD. Fenofibrate may offer some 

advantages over antiVEGF agents such as low-cost, fewer side effects, and 

neuroprotective effects but it suffers from poor water-solubility and low ocular 
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bioavailability following systemic administration, and can be quickly cleared from rat eyes 

after IVT injection (only lasts 4 days). Qiu et al. [115] developed fenofibrate-loaded PLGA 

NPs (Feno-NPs) to provide sustained release of fenofibrate for treating ocular NV. Feno-

NPs provided sustained drug release for 2 months in vitro. A single IVT injection of 5 μl 

Feno-NPs (30 μg fenofibrate) exhibited sustained levels of fenofibric acid (the parent drug 

of fenofibrate) in rat eye for 2 months. Feno-NPs significantly attenuated retinal vascular 

leakage and retinal edema in streptozotocin (STZ)-induced diabetic rats and laser-induced 

CNV in rats for at least 8 weeks. The drug loading and drug release periods can be further 

increased by using polymers with different compositions and molecular weights, or 

through constructing larger particles. 

Sunitinib malate is a multiple receptor tyrosine kinase inhibitor (TKI) that selectively 

inhibits VEGF receptors, PDGF receptors, colony-stimulating factor receptors and Fms-

related TKI. TKI inhibition blocks multiple NV processes associated with wet AMD, DR and 

provides better effects than the selective blockage of VEGF alone. Sunitinib malate is an 

FDA-approved anticancer drug and can provide neuroprotective effects to retina ganglion 

cells in CNV [116]. GB102 [117] (GRAYBUG Vision) is a sunitinib-malate-loaded PLGA-PEG 

microparticle delivery system, which aggregates into a biodegradable depot and localizes 

at the periphery of the inferior vitreous without visual interference after IVT injection. 

The hydrophilic coatings avoided the toxicity and inflammatory reactions caused by IVT 

injection of PLGA particles. IVT injection of GB102 provided sustained release of sunitinib 

in the retina and RPE up to 4 months, which were 10 and 1000-fold higher than the 

plasma level of free sunitinib needed for anticancer therapy [118]. Preclinical studies have 

already proven the long-term efficacy of sunitinib release from PLGA-PEG microparticles 

following IVT injection in rabbit CNV models. The injectable particulate depot provided 

sustained CNV inhibition in Dutch belted rabbits for 6 months. GB102 is in a Phase I/IIa 

clinical trial (NCT03249740) as a potential therapy for twice-yearly IVT injections, thus 

reducing the burden of repeated IVT injection to patients. Currently, the second-

generation formulation GB103 which is expected to provide once-yearly treatment is 

under preclinical evaluation. The technical details about GB102 and GB103 PLGA-PEG 

formulations are not fully available to the public. However, it should appreciated the 

strength of using PLGA and PLGA-PEG polymers with higher MW and a higher percentage 

of lactic acid to adjust sustained drug release profiles. The wide spectrum of available 
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PLGA and PLGA-PEG polymers gives the field a lot of freedom to develop more-

sophisticated formulations with desired in vitro and in vivo properties. If GB102 and 

GB103 become successful through clinical trials, it would be very promising to use similar 

platforms to sustain release of many other drugs for treating various posterior eye 

segment diseases. 

 
5.2.2.2 Polymeric micelles 

Nanomicelles are colloidal DDS that self-assemble in a solution and can entrap 

therapeutic agents at their core. Their size ranges from 10 to 200 nm, and they are 

consisting of amphiphilic surfactants or block copolymers. Nanomicelles are formed 

instantaneously in a solution when the concentration of the polymers is above a specific 

concentration called the critical micellar concentration (CMC). Nanomicelles have the 

capacity to encapsulate hydrophobic drugs in the hydrophobic core of the micelles due to 

hydrophobic interactions. The hydrophilic corona interacts with the external aqueous 

fluid, increasing the solubility of a relatively lipophilic drug. This colloidal dosage form has 

the ability to form clear aqueous solutions which can be used as topical eye drops. 

Nanomicelles can be broadly classified into three categories: surfactant, polymeric 

and polyionic complex nanomicelles. Polyionic complex nanomicelles, composed of 

polyion copolymers with neutral and ionic segments, have been investigated as 

nanocarriers for gene and antisense oligonucleotide ocular delivery, as electrostatic 

interactions between the core forming blocks and the oppositely charged drugs are 

responsible for nanomicelle formation and drug encapsulation [119]. Surfactant 

nanomicelles, made from low molecular weight surfactants, such as sodium dodecyl 

sulphate, generally show high CMC and thus physical instability. To overcome these 

limitations, polymeric micelles, i.e. micelles formed by amphiphilic copolymers, have been 

designed to exhibit lower CMC and better stability against dilution. Polymeric non-ionic 

surfactants are the major type of surface active polymers used in ophthalmic delivery 

systems since their advantages with respect to compatibility, stability and toxicity are 

significant compared to the cationic, anionic, or amphoteric polymers. PLGA, PEG, PCL, 

and polylactide are the most commonly used block copolymers on the micelles 

construction. The polymers can be conjugated to form diblock (A-B type), triblock (AB-A), 

or pentablock (A-B-C-B-A) copolymers. 
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Nanomicelles can be particularly useful for the formulation of hydrophobic drugs, 

leading to the possibility to apply a clear aqueous solution in the conjunctival sac. This 

feature avoids sticky feeling and blurred vision, commonly associated to the use of 

ointments. Additionally, lipidic excipients might cause ocular burning, conjunctival 

hyperemia, discharge, epiphora, eye pain, foreign body sensation, pruritus and stinging 

(these adverse effects are more or less pronounced depending on the lipid used). 

Furthermore, amphiphilic excipients used in nanomicelles can facilitate the spreading of 

the formulation on the ocular surface. 

 
Anterior segment ocular diseases 

Dry Eye Disease (DED) or Ocular Surface Disease (OSD)  

CsA eyedrops have been used for the treatment of ocular inflammatory diseases 

including uveitis, keratoconjunctivitis and dry DED. The hydrophobic nature (solubility 10 

mg/ml) and large molecular weight (1202.6 Da) of CsA as we mentioned before, rendered 

the development of aqueous eyedrops challenging. Cecua® (Sun Pharmaceuticals Inc.) is a 

nanomicellar formulation of 0.09% CsA recently approved by the FDA for DED. Cequa®’s 

NCELL™ technology platform demonstrate improved rapid onset of action as early as 4 

weeks and improvement in tear production as compared with CsA commercial emulsion 

Restasis® [120]. Τhe nanomicellar system was prepared from a polymeric mixture of two 

low-molecular-weight surfactants, with micelles particle size of 12-20 nm, which resulted 

in formation of a clear solution of CsA. The in vivo studies of the formulation of CsA 

conducted in rabbits demonstrated enhanced bioavailability in the anterior ocular tissues 

as compared with CsA emulsion with no ocular adverse effects. The Cequa® formulation 

was approved by the FDA for DED treatment in 2018. 

 
Inflammations of Anterior Segment 

Gupta et al. [121] synthesized polymeric micelles (<100 nm particle diameter) 

composed of the co-polymers of N-isopropylacrylamide (NIPAAM), vinyl pyrrolidone and 

acrylic acid crosslinked with N, N’-methylene-bisacrylamide (MBA) to deliver ketorolac 

(NSAID) to the eye. The authors reported a twofold increase in transcorneal permeability 

of ketorolac over an aqueous ketorolac suspension at the same concentration [90]. The 

micellar formulation was observed to yield better therapeutic response, compared with 
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the suspension, in terms of eyelid closure and polymorphonuclear leukocytes migration in 

the tear fluid. 

A study reported by Li et al. [122] demonstrated enhanced corneal permeation (17-

fold higher) and higher bioavailability (twofold higher) of topically administered 

diclofenac (NSAID) using a (MPEG–PCL)-based micelle delivery system when compared to 

diclofenac solution in rabbit eyes. 

Tacrolimus, an immunosuppressive drug, has been proposed as an effective 

alternative to CsA for the treatment of different ocular surface diseases as it prevents the 

activation of several cytokines, such as IL-2 and IL-4. Tacrolimus loaded micelles (size of 

45 nm) were investigated by Kutlehria et al. [123] in a BAK induced ocular inflammation 

model in BALB/c mice. Micellar formulation significantly reduced the corneal fluorescence 

(inflammation index) for comparison with the drug suspension. Additionally, hematoxylin 

eosin staining demonstrated a better restoring of corneal epithelial thickness and the 

reduction of both stromal edema and number of inflammatory cells. 

 
Corneal diseases 

Taha et al. [124] reported enhanced bioavailability of CPX using polymeric micelles of 

PluronicR F127. They observed a statistically significant increase in the area under the 

aqueous humor concentration versus time curve in comparison to the commercial 

formulation. 

Liaw et al. [125] demonstrated the use of Pluronic® P105 nonionic copolymeric 

micelles of hydrodynamic diameter <160 nm for efficient delivery of stable plasmid DNA 

with lacZ gene, in vivo. In vivo gene transfer to the different layers of the cornea from the 

micellar ocular drops was achieved in mice and male albino New Zealand rabbits, which 

highlighted the potential of the block copolymer for DNA delivery. The DNA delivery 

efficiency was enhanced using the penetration enhancers, EDTA and cytochalasin B. 

Gene delivery using topical eye drops was also reported by Tong et al. [126]. Two 

cornea-specific promoters: ketatin 12 and keratocan were formulated using Pluronic® 

P105 polymeric micelles. These proteins play a crucial role in developing and maintaining 

corneal transparency. β-Gal activity was the biomarker for transgene expression in the 

ocular tissues. The hydrodynamic diameter for the micelles ranged from 150 to 200 nm 

with unimodal distribution. The formulations were tested on both mice and rabbit animal 
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models. From the in vivo tests, the authors concluded that the corneal epithelium and 

stroma-specific gene expression can be achieved with the help of cornea-specific 

promoters. 

Farthermore, the ocular drug delivery efficiency of topically administered polymeric 

micelles can be further improved by minimizing precorneal clearance and premature drug 

release from micelles using gel-based systems as a medium for micelle delivery. In a 

study, Jaiswal et al. [127] demonstrated the enhanced bioavailability of such hybrid 

delivery system in situ gel-based micellar formulation. In this study, the hybrid 

formulation showed superior ex vivo transcorneal permeation of poorly water-soluble 

drug, itraconazole (across goat cornea) when compared to a commercial eye drop 

formulation Itral® (Jawa pharmaceuticals pvt ltd., India) and pure drug suspension. 

Chronic infections and ulcers may also be induced by delayed corneal wound healing. 

This condition may be caused by the binding of glucocorticoids to the mineralocorticoid 

receptor. Thus, the co-administration of mineralocorticoid receptor antagonists (MC) 

could be successful for overcoming the negative effects of glucocorticoids. Dahmana et al. 

[128] studied a topical micellar formulation of spironolactone prepared mPEG-dihexPLA 

diblock copolymer for preventing glucocorticoid-induced delayed corneal wound healing. 

In vivo efficacy studies were carried out in New Zealand rabbits. The study demonstrated 

that the spironolactone micelles were superior in re-epithelialization by comparison to 

the control groups. This indicating the potentiality of the micellar formulation to reduce 

the negative effects of glucocorticoids agent on the corneal wound healing. 

As discussed earlier, the contact time of the formulation with the surface ocular 

tissues plays a critical role in ocular drug bioavailability. Residence time can be prolonged 

by various means, one of them being the use of cationic polymer/s possessing 

mucoadhesive properties. One such naturally occurring cationic polymer which can 

improve ocular bioavailability is CH. CH is reported to have mucoadhesive property and 

acts as a permeation enhancer by reversibly opening epithelial tight junctions. Pepic et al. 

[129] formulated a CH–Pluronic® F127 mixedmicellar system with particle size ranging 

from 25 to 29 nm and and was loaded with DEX. In vivo PK studies in male albino New 

Zealand rabbits produced 2.4 and 1.4-folds increase in ocular bioavailability with 

Pluronic® F127-CH micelles, compared with DEX ocular suspension and Pluronic® F127 

micelles (CH free ), respectively. 
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Glaucoma  

Another study that demonstrates the beneficial role of CH as surface coating comes 

from Lin et al. [130]. They have developed poloxamer 407 micelles modified by chitosan 

for the delivery of metipranolol, a non selective beta blocker that used to reduce the IOP. 

The in vivo studies on New Zealand rabbits were performed comparing the commercial 

ophthalmic solution (OptiPranolol), poloxamer micelles and poloxamer micelles modified 

with 0.5% w/w CH; drug loading was 0.3% w/w in all cases. CH-micelles gave the best 

results: the AUC of IOP versus time (up to 360 min) for the nanomicelles of poloxamer 

407/chitosan was 1.67- and 1.88-fold higher than OptiPranolol and poloxamer micelles, 

respectively. IOP variation values showed that poloxamer 407 micelles do not have 

enough residence time on ocular surface, while the presence of CH increased 

mucoadhesion, leading to a higher pharmacological response. 

Xu et al. [131] developed micelles-laden contact lenses (CLs-M) that could achieve the 

sustained release of TM and latanoprost simultaneously for the treatment of glaucoma. 

CLs-M were obtained by free radical polymerization of HEMA monomer with TM and 

latanoprost loaded mPEG-PLA micelles. The prepared CLs-M had a minimal impact on 

critical CLs properties, and could release TM and latanoprost in simulated tear fluid for 

144h and 120h individually, which is promising for sustained drugs release applications. 

The in vivo PK study on rabbit eyes showed sustained TM and latanoprost release for up 

to 120h and 96h in tear fluid, respectively. There was significant improvement of the 

mean residence time (79.6-fold and 122.2-fold) and bioavailability (2.2-fold and 7.3-fold) 

for both TM and latanoprost delivered by CLs-M compared with commercial eye drops 

formulations. An in vivo PD study in a rabbit model with high IOP showed sustained 

reduction in the IOP for over 168h. The relative pharmacological availability (PA) of CLs-M 

was 9.8 times as high as the eye drops. The protein adsorption, ocular irritation study and 

histological examination study indicated the safety of CLs-M. Therefore, this work has 

demonstrated the promising potential of micelles-laden CLs to co-deliver TM and 

latanoprost for an extended period of time to treat glaucoma. 

 
Posterior segment ocular diseases 

Mandal et al. [132] demonstrated the entrapment of hydrophobic drug and 

hydrophilic peptides within the core of nanomicelles for ocular drug delivery. A lipid 



47 
 

prodrug of cyclic cidofovir (B-C12-cCDF) was encapsulated within surfactant-based 

nanomicelles for antiviral drug delivery for cytomegalovirus (CMV) retinitis, and 

multilayered nanomicelles were developed for the delivery of octeriotide peptide to the 

anterior segment of the eye. The researchers also demonstrated that a mixed micellar 

structure designed from a fixed ratio of low-molecular surfactants had a lower critical 

micellar concentration. This indicates that the nanomicellar structure is stable over 

dilution in the systemic fluids and will not result in premature drug release. These highly 

lipophilic agents form a clear solution when encapsulated in the nanomicelles. Also, 

nanomicelle aid is sustained, and release of the drug to the ocular tissue is controlled 

[133]. 

Although still a few, in vivo experiments have clearly demonstrated the capability of 

polymeric nanomicelles to overcome a variety of hurdles associated to ocular drug 

delivery, notably increasing drug bioavailability. However, there are still some very 

important issues to be solved, such as tolerability and stability; additionally, the role of 

micelles in drug uptake by the ocular tissues and their potential for the treatment of 

posterior eye diseases still need to be clarified/verified. 

 
5.2.2.3 Hydrogels /Nanogels 

Nanogels are nanosized hydrogel networks consisted of hydrophilic or amphiphilic 

cross-linked polymer chains. They can be fabricated using various natural/synthetic 

hydrophilic polymers [134, 133]. The type of polymer employed for fabrication of 

nanogels defines its gel structure. The gel structure is maintained via physical 

(hydrophobic interactions, charge-based interactions, hydrogen bonding, etc.), chemical 

(covalent bonding) or enzymatic crosslinks [135, 136]. Hydrogels have been explored for 

ophthalmic drug delivery applications because their viscous nature offers a relatively 

longer retention of entrapped medicaments at the site of application while their 

transparency reduces blurring of vision. For topical ophthalmic drug delivery, nanogels 

composed of mucoadhesive (bioadhesive) polymers that have shown promising results in 

improving bioavailability of the administered therapeutic agent. Furthermore, in situ 

forming hydrogels have been reported to offer additional advantages as they undergo sol 

to gel transformation in situ upon receiving the desired stimulus [137, 138]. 
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They swell into a considerable volume when dispersed in aqueous medium. Nanogels 

may be loaded with therapeutic agents by interaction between agent and functional 

group present in the polymer either physically or chemically. Nanogels are highly 

biocompatible, versatile, show a controlled release of drug, and are also able to protect 

biodegradable molecules from degrading inside the body [139]. NP size offers high special 

surface that is available for bioconjugation with moieties targeting special 

macromolecular targets on damaged tissue surface. 

Hydrogels, due to their gel structure, allow slow diffusion of entrapped therapeutic 

agents thereby offering sustained drug release characteristics. For example, in a study 

conducted by Liu et al. [140] alginate/hydroxypropylmethyl cellulose-based in situ gel 

system reduced precorneal clearance of topically administered gatifloxacin in rabbits and 

enabled sustained release of gatifloxacin for 8 hrs. 

The hydrogels can be fabricated using stimuli-responsive polymers so as to offer on-

demand drug delivery. Physical stimuli such as light and temperature are commonly used 

for ophthalmic drug delivery applications. A thermoresponsive gel exhibits low viscosity at 

reduced temperature and high viscosity at body temperature. Such systems offer ease of 

administration while maintaining gel consistency upon contact with body fluids. 

Cao et al. [138] demonstrated the efficacy of a thermosensitive in situ gelling system 

that had a low critical solution temperature of 32°C. The fabricated system was a liquid at 

room temperature and could undergo a phase change to form a gel at 32°C (surface 

temperature of the eye). The gel system was fabricated using poly-(N-

isopropylacrylamide)-CH copolymer and loaded with TM. A comparative study between 

the fabricated gel system and a conventional eye drop formulation, that was conducted in 

rabbits for treating glaucoma showed a twofold increase in bioavailability of the gel 

system along with a sustained therapeutic effect over a period of 12 hrs. This study 

showed the efficiency of thermoresponsive delivery systems for ocular drug delivery 

applications. 

Light-responsive gel systems have also been explored for on-demand delivery of 

therapeutic agents at the site of interest in the eye for longer durations.  Tyagi et al. [137] 

demonstrated the fabrication of a light-responsive PCL dimethacrylate and hydroxyethyl 

methacrylate-based hydrogel system for sustained drug delivery. The gel system was 

loaded with Alexa Fluor 488 dye conjugated bevacizumab, injected into the 



49 
 

suprachoroidal space (a potential space between the sclera and choroid) of Sprague-

Dawley rats and evaluated for its efficiency to release the drug when provided with a light 

stimulus (wavelength: 365 nm). The results showed that the fabricated gel system 

provided a sustained release of bevacizumab for 4 months in intraocular tissues. This 

demonstrated the ability of light-responsive gel-based DDS to provide sustained drug 

release in intraocular tissues. 

Furthermore, as discussed elsewhere in this review, the consistency and gel structure 

of hydrogels enables entrapment of other nanoparticulate delivery systems. The resultant 

hybrid systems can potentially improve ocular bioavailability when compared to 

hydrogels without nanoparticles [141, 142]. Consequently, hydrogels can be used for 

topical or intraocular drug administration in order to reduce drug clearance by dynamic 

ocular barriers. Because of their properties hydrogels have great potential for sustained 

and stimuli-responsive drug delivery applications in the treatment of anterior and 

posterior eye diseases. 

 
5.2.2.4 Dendrimers  

Dendrimers are polymeric nanocarriers sized about 10nm having a branched star-

shaped structure. In contrast with other polymers, the critical parameters in nanoscale 

like the size and shape of the dendrimer can be accurately controlled and customized 

during the synthesis to form a dendrimer with specific functional groups and a specific 

architecture. These properties are not the sum of the monomer properties but are 

completely different and follow different rules. These nanoconstructs have unique 

physiochemical properties such as high drug encapsulation and conjugation ability, high 

water solubility, and a plethora of functional groups on the surface for chemical 

modification. Dendrimers also have lower polydispersity index that reducing their uptake 

by the RES and enhancing their tissue permeability. Hydrophilic and lipophilic drugs can 

either be conjugated to the surface of the dendrimer or be encapsulated by caging in the 

internal structure of the dendrimer [143, 144]. Upon topical or intraocular administration, 

dendrimers have the potential to show an enhanced transport of therapeutic molecules 

across ocular tissues and prolonged ocular retention of the resultant transported. A 

polyamidoamine (PAMAM) polymer having carboxylic and hydroxyl functional groups, is 

the most commonly used dendrimer for ocular drug delivery. High branching of the 
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PAMAM polymer can lead to primary, secondary, and tertiary generations of the 

dendrimer nanocarrier. 

 
Anterior segment ocular diseases 

Soiberman et al. [142] designed a hybrid gel formulation system of the G4-PAMAM 

dendrimer with cross-linked hyaluronic acid, entrapping DEX intended for the treatment 

of corneal inflammation. The results demonstrated that the SCT injection of the 

dendrimer-based gel formulation provided sustained DEX release and reduced 

inflammatory complications compared to free DEX. Really important was the remark that 

the drug induced increase in IOP was not observed in animals that received dendrimer-

based gel formulation, whereas, free DEX administered animals showed an increase in 

IOP. This study demonstrated that control on spatial distribution and/or temporal release 

of DEX can be achieved using a dendrimer-based gel formulation. The dendrimer 

formulation led to reduction in central corneal thickness and improved corneal clarity in 

an alkali burn rat model, which was highly clinically relevant. 

Matrix metalloproteinases-9 (MMP-9) can trigger corneal damage and result in DED. 

Cerofolini et al. [145] synthesized an MMP-9 inhibitor and solubilized with PAMAM 

dendrimers. The synthesized inhibitor had high binding affinity to MMP-9 and can be 

used for the treatment of corneal inflammation and DED. 

Vandamme et al. [146] entrapped tropicamide and pilocarpine nitrate in PAMAM 

dendrimers to study the effect of drug-release kinetics after altering the size, molecular 

weight, carboxylate and hydroxyl surface groups, and total number of amines present in 

the PAMAM dendrimer. In vivo results in New Zealand albino rabbits revealed higher drug 

residence time of dendrimers functionalized with carboxylic and hydroxyl functional 

groups. 

 
Posterior segment ocular diseases 

Yavuz et al. [147] evaluated the potential of DEX-PAMAM dendrimers for the delivery 

to the posterior segment of the eye for the treatment of diseases such as DR and AMD. In 

vivo studies in rats showed that the drug-loaded dendrimers enhanced the ocular 

permeability of DEX after SCT injection as compared with the free drug. 
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In yet another study by Iezzi et al. [148] a prolonged retention of fluocinolone 

acetonide (FA)-conjugated PAMAM dendrimers in rat retina was observed after 

intravitreal injection. The PAMAM dendrimer delivery system localized in activated 

microglia and as a result delivered FA intracellularly for 1 month. Hence, the developed 

system effectively attenuated neuro-inflammation for prolonged durations in a rat retinal 

degeneration model. 

Kambhampati et al. [149] studied the potential of TA given as a complex with PAMAM 

dendrimer for ocular delivery. Results demonstrated that the conjugates of dendrimer 

with the TA showed a better profile of toxicity in comparison with normal TA at the target 

site. 

Another exciting application of dendrimers is noninvasive photodynamic therapy 

(PPT) as a treatment for pathologic retinal NV. The majority of conventional 

photosensitizers used in PTT easily form aggregates, causing a self-quenching effect and 

diminishing the quantity of reactive oxygen species generated by photoirradiation. 

Treatment efficacy is not optimized. A new generation of photosensitizers has been 

introduced, based on a dendrimer with a central core of porphyrin surrounded by the 

third generation of poly(benzylether) dendrons. Dispersion is presumably assisted by 

dendrimeric steric hindrance and electrostatic repulsion. Using an in vitro Lewis lung cell 

model with micelle as the delivery vehicle, Ideta et al. [150] reported a remarkable 280-

fold increase in phototoxicity when the dendrimers are encapsulated into the micelle. In 

an in vivo rat model of CNV, the authors showed rapid accumulation and sustained 

release of the dendrimers in the lesions, likely via the enhanced permeability and 

retention (EPR) effect. No microscopic evidence of long-term phototoxicity was observed 

with the dendrimer-loaded micelle group compared to the group injected with Photofrin, 

a commercial photosensitizer. Similar results had been duplicated by Sugisaki et al. [151] 

using an in vivo mouse model of trauma-induced corneal NV. Naphthalocyanine 

dendrimers for photodynamic applications were recently developed by Jang et al. [152]. 

To suppress CNV other groups explore the use of dendrimer macromolecules as a 

gene therapy modality, rather than PTT. Marano et al. [153, 154] successfully introduced 

a sense oligonucleotide sequence with anti-VEGF activity into a rat CNV model. The 

deliver instrument was a lipid-lysine dendrimer construction. The transfective capability 

positively correlates with the number of positive charges on the dendrites. The authors 
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observed a significant reduction in VEGF expression in the dendrimer/oligonucleotide 

group compared to the naked oligonucleotide group. A follow-up longterm study by the 

same group determined that the effective life span and treatment interval of the 

dendrimer/oligonucleotide complex is approximately 4–6 months. No observable toxicity 

was noted. 

Mastorakos et al. [155] developed hydroxyl- and amine-functionalized PAMAM 

dendrimer-based gene vectors for transgene delivery to human RPE cells. The colloidal 

stability was improved via PEGylation of the gene vector surface and complexation with 

TA as a nuclear localization enhancer resulted in a significant improvement in cellular 

uptake and transfection of human RPE cells. 

Tamaki et al. [156] introduced an interesting delivery process wherein the actual 

offloading was triggered by laser irradiation. The DNA sequence was packaged with 

cationic peptides and enveloped in the photosensitive phthalocyanine dendrimer. SCT 

injection followed by laser irradiation demonstrated site-specific transgene expression in 

a rat model. This laser-induced delivery system presents another option for the 

management of ophthalmic diseases. 

Kang et al. [157] reported on carboplatin-loaded half generation PAMAM dendrimers 

for the management of murine retinoblastoma. Each mouse received a 

single SCT injection in one eye, and the opposite eye was left untreated as a control. The 

mean tumor burden in the treated eyes was significantly lowered compared to untreated 

eyes and no toxic effects were observed in any of the groups. However, dendrimers (258 

nm average particle size) used in this study are unlikely to cross the sclera-choroid-RPE in 

their original form. 

Furthermore, control on spatiotemporal drug release from dendrimer-based delivery 

systems can be achieved by fabrication of stimuli-responsive or bioreducible dendrimers 

[158, 159]. Although such on-demand DDS have not been explored for ophthalmic 

applications, they can be useful for the effective treatment of specific ocular diseases.  

So according to the above, dendrimer-based DDS can be used as promising carriers to 

enhance ocular permeability, intraocular/cellular retention, and to enable controlled drug 

release of topically or intraocularly administered agents. 
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5.2.2.5 Polymeric nanofibers 

Polymeric nanofibers are fibrous systems that are fabricated using natural or synthetic 

hydrophilic/-phobic polymers by employing a simple and versatile technique called 

electrospinning. Based on the polymer employed for fabrication, nanofibers can entrap 

hydrophilic or hydrophobic drugs and can deliver the entrapped drugs in a sustained 

manner. Furthermore, nanofibers possess high surface area that may enable adequate 

tissue contact which can further be improved by surface modification. An optimal tissue–

fiber interaction/adhesion can facilitate drug delivery at the tissue of interest. Nanofibers 

have been explored for drug delivery and tissue engineering applications [160] for 

treatment of anterior as well as posterior segment eye diseases [161]. It has been 

demonstrated that delivery of CsA to the ocular surface using a PLA nanofiber-based 

delivery system enhanced CsA delivery to cornea and as a result, effectively reduced 

inflammation and NV when tested in an alkali-injured rabbit corneal model [162]. It has 

also been demonstrated that insertion of drug-loaded (TM and DZ) polymeric (polyvinyl 

alcohol or PCL) nanofiber patches in the cul-de-sac of glaucoma-induced rabbits 

effectively reduced IOP when compared to commercial eye drops [163]. These studies 

infer that nanofiber-based delivery systems can reduce clearance of administered drugs 

from ocular tissues and present therapeutic concentration of drug for longer duration so 

as to treat ocular complications. 

The duration of drug release/delivery from the nanofibers play an important role in 

the treatment of chronic eye diseases. Nanofibers composed of slow degrading polymers 

are being explored for the treatment of chronic pathological complications [162]. The 

duration of drug release can be substantially enhanced by further improvements in 

existing nanofiber systems. In a study, Yavuz et al. [164] designed a hybrid system 

composed of CsA–PLGA NPs impregnated thin films and nanofibers for the long-lasting 

delivery of CsA for the treatment of DED. The fabricated delivery system showed a 

sustained CsA release at cornea, sclera, and lens of mice even after 90 days of SCT 

implantation and was effective for the treatment of DED. Furthermore, a hybrid system 

consisting of PAMAM dendrimer-based nanofibers (DNFs) has been investigated as a 

topical drug delivery vehicle for the delivery of anti-glaucoma drug, brimonidine tartrate 

(BT) (alpha-2 adrenergic agonist for IOP reduction). The results demonstrated that 
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delivery of BT in DNF is efficacious compared to solution-based systems for the treatment 

of glaucoma [165]. 

These studies demonstrate that nanofiber-based delivery systems can be applied at 

the ocular surface for sustained drug delivery applications for the treatment of chronic 

ocular complications. 

 
5.2.3 Niosomes 

Niosomes are surfactant-based vesicular bilayered systems formed by the self-

assembly of nonionic amphiphiles/surfactants that expose their hydrophilic ends on the 

outer and inner side of the vesicle, while, the hydrophobic chains face each other within 

the bilayer [166]. Due to their hydrophilic surface, niosomes can easily interact and cross 

the tear film barrier and as a result, reach the corneal/conjunctival tissue to undergo 

internalization. The small size and the presence of a surfactant layer help niosomes to 

entrap both hydrophilic/-phobic drugs and transport them across cellular layers via 

paracellular and/or transcellular routes thereby enhancing the bioavailability of topically 

administered drugs [167]. 

Niosomes are preferred over liposomes due to their enhanced chemical stability. They 

also have low toxicity because of their nonionic nature. Since surfactants are used, special 

precautions and conditions are not required like phospholipids (i.e. liposomes). 

Therefore, niosomes are flexible in their structural composition, fluidity, and size. 

Niosomes are biodegradable, biocompatible, and non-immunogenic and increase 

therapeutic effect of the drug by better bioavailability and controlled delivery to the 

particular site. 

Discomes are a modified nonconventional form of niosomes, made with the addition 

of nonionic surfactant like Solulan [168]. They are disk shaped and larger in size than 

conventional niosomes. Discomes are reported to provide several advantages over 

niosomes, such as better fit in the cul-de-sac of the conjunctiva and improved ocular drug 

bioavailability due to slower nasolacrimal drainage. Also, entrapment efficiency and 

bioavailability of discomes are better compared with niosomes [169]. The increased 

corneal uptake by niosomes and discomes is attributed to many factors like their ability to 

disrupt the tight junctions of corneal epithelium, better spread ability on the lipophilic 

corneal surface, and suitable rheological properties. There are many reports of enhanced 
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ocular drug absorption due to higher viscosity (leading to increased pre-corneal residence 

time) of ophthalmic solution [170]. However, this increase in bioavailability by increasing 

viscosity has its limitation. Application of conventional viscous formulation leads to blurry 

vision and poor patient compliance. Also, the drug bioavailability does not increase 

proportionally to the increase in viscosity, it reaches a plateau, and further increase in 

viscosity yields insignificant increase in the ocular bioavailability. Thus, niosomes and 

discomes are proposed as alternative vesicular carrier for ocular delivery. 

Spanlastics are another interesting category of modified niosomes. These are Span 

sorbitan)-based elastic vesicular drug delivery systems patented by Kaur et al. [171]. 

Spanlastics have been shown to be superior to niosomes in terms of enhanced 

deformability and thus bear the potential to deliver drugs to the posterior segment of the 

eye. 

 
Anterior segment ocular diseases 

Zeng et al. [172] evaluated corneal permeation of poloxamer-based niosomal 

formulation, hyaluronatecoated poloxamer-based niosomal formulation and tacrolimus 

suspension. The results demonstrated that hyaluronate-coated niosomal formulation 

significantly enhanced tacrolimus permeation across rabbit cornea compared to plain 

niosomes and suspension system. From this study, it can be inferred that surface 

modification using hyaluronate played an important role in improving the bioavailability 

of niosomal delivery systems. 

Abdelkader et al. [168, 170] have reported development of niosomes and discomes 

for naltrexone hydrochloride (NTX), an opioid antagonist for treatment of the diabetic 

complications affecting the cornea. They suggest that the developed formulation 

provided better wetting properties, higher viscosity, and better protection to NTX against 

light-induced degradation and oxidizing agent than aqueous formulation. Akhtar et al. 

[173] have reviewed a wide variety of drug molecules delivered to the eye through 

niosomal vesicular carrier. 

Khalil et al. [174] studied novel proniosomal gel as carriers for delivery of 

lomefloxacin HCl (LXN) into the eye. It showed a controlled in vitro release of LXN for 

over 12 h, acceptable stability, and optimum pH. Transmission electron microscopy (TEM) 

images showed distinct spheres with smooth surface morphology. The formulation was 
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non-irritant when applied topically and showed better bacterial inhibition than the 

commercial LXN eye drops Orchacin®. 

 
Glaucoma 

Prabhu et al. [175] have reported formulation and evaluation of niosomes containing 

anti-glaucoma drug BT. They demonstrated significant reduction in intraocular pressure 

by this niosomal preparation on male albino rabbits. Similarly, Sathyavathi et al. [176] 

have described improved bioavailability and increased pre-corneal residence time of BT in 

niosomal gel compared to marketed drops. 

Aggarwal et al. [177] used spanlastics niosomes using CH or carbopol for delivery of 

TM. The resultant surface-modified niosomal formulation exhibited equal therapeutic 

efficacy at half the dose of commercial solution-based formulation. This study 

demonstrated the potential of surface-modified noisome-based formulations for the 

effective treatment of anterior eye diseases. 

Guinedi et al. [178] studied multilamellar niosomes as a promising carrier for 

ophthalmic delivery of ACZ. Results showed that the entrapment efficiency (EE %) of ACZ 

into the niosomes increased with only upto a certain concentration of cholesterol. TEM 

showed multilamellar niosomes with absence of aqueous interior, but a greater particle 

size than others. The formulations also showed a good stability at normal and refrigerated 

storage. In vivo studies revealed that IOP was decreased considerably using the ACZ-

loaded niosomes, in comparison with the plain niosomes as well as the simple solution of 

ACZ. 

 
Posterior segment ocular diseases 

Spanlastics nanovesicles have been studied [179] for the delivery of fluconazole, a 

well known antifungal drug, as treatment of ocular mycoses. The fluconazole-containing 

spanlastics were compared to commercial fluconazole (Zocon®) eye drops using ex vivo 

corneal permeability studies. Considering the hydrophilicity of fluconazole, drug 

permeation was least in case of Zocon® eye drops when compared to different types of 

spanlastic vesicles. Drug delivery to the posterior eye is limited to intravitreal injections, 

periocular routes, and systemic dosing. The use of spanlastics provides a unique drug 

delivery system that can be instilled topically as an eye drop and deliver drugs to the 
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posterior eye segment. Several diseases such as fungal infections, uveitis, and ARMD can 

benefit from such delivery systems. Spanlastics DDS also could be beneficial considering 

patient compliance as they could replace intravitreal injections. 

Niosomes have shown significant promise for effective delivery of administered 

therapeutic agents to ocular tissues. 

 
5.2.4 Cubosomes 

Cubosomes are self-assembled, hydrated surfactant nanostructures containing a 

liquid crystalline phase with cubic crystallographic symmetry. Cubosomes are formed by 

the self-assembly of surfactant-like molecules [180]. Monoglyceride glycerol monoolein is 

a well-known surfactant useful to make cubosomes. Due to the presence of cubic phases, 

cubosomes are able to solubilize hydrophilic, hydrophobic, and amphiphilic molecules 

thereby improving drug stability and exhibiting sustained drug release properties [181]. 

The structure and surface properties of surfactants used in cubosome formulation affect 

solubility, mucoadhesivity, drug release kinetics and rheological properties of the 

formulation so as to improve precorneal and intraocular retention of administered 

therapeutic agents [182]. Cubosomes have been explored in ODD applications to improve 

the bioavailability of topically administered therapeutic agents. Generally, cubosomes 

have biodegradable and bioadhesive constituents and can provide sustained release of a 

drug and also work as a penetration enhancer. 

Han et al. [183] developed flurbiprofen cubosomes with main emphasis on reducing 

ocular irritation and increasing drug bioavailability. In vitro corneal permeation using 

modified Franz-type cells revealed up to twofold increase in permeation with these 

cubosomes. These were further evaluated for ocular irritation using Draize method and 

histological examination. Cubosomes exhibited excellent ocular tolerance with improved 

AUC as measured by microdialysis. These studies suggested cubosomes as promising 

delivery vehicles. 

In the same year, Gan et al. [184] reported cubosomes as delivery vehicles for DEX. In 

vitro studies showed up to 3.5-fold increase in permeability with DEX cubosomes, when 

compared to solution and gel-based systems. Additionally, these cubosomes showed 

longer retention and up to 1.8-fold increase in AUC as measured by microdialysis. These 
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studies further emphasize that these highly biocompatible, biodegradable delivery 

vehicles can be an effective approach for certain ocular therapies. 

Li et al. [185] formulated cubosome of glycerol monoolein and poloxamer 407 loaded 

with pilocarpine nitrate for glaucoma therapy. In comparison to the marketed eye drops 

they observed that the cubosomes had approximately two-times higher transcorneal flux 

across the rabbit corneas, had prolonged the retention time and also they had 

significantly higher effect on IOP reduction (∼50% IOP reduction).  In the same way, 

Huang et al. [186] formulated cubosomes of glycerol monoolein and poloxamer 407 

loaded with TM. They observed similar results as the previous study. Cubosomes were 

deemed to be safe in the above reports by the authors on the basis of draize test, corneal 

hydration levels and corneal histology. 

Cubosomes have also been explored for on-demand drug delivery mediated by a 

stimuli-responsive system, however, such [187] stimuli-responsive systems have not been 

explored till date for ODD applications. In future, such systems can be explored for on-

demand sustained ODD applications for the treatment of ocular diseases. In conclusion, 

cubosomes may serve as a potential drug delivery carrier for topical and intraocular 

administration for the treatment of ocular diseases. 

  
5.2.5 “Trojan” Microparticles 

The trojan systems can be defined as microparticles that are loaded with 

nanoparticles, which, in turns carry the active compound. Ideally, once administered, the 

microparticles will slowly release the NPs for long periods, protecting the unreleased NPs 

from external environment. Once released, NPs will be then directed to the target cells, 

internalized and will release the active compound into the cell. This would allow 

maximizing the efficacy of the administered active molecule, by minimizing their 

clearance before reaching the target cell. 

Gómez-Gaete et al. [188], developed an interesting work proposing PLGA NPs loaded 

with DEX included in microparticles composed by a combination of a phospholipid with 

hyaluronic acid (HA). Unfortunately authors have not published at the moment any in vivo 

study to confirm the real potential of the interesting trojan systems proposed, however, 

they claimed that “the in situ release of drug loaded nanoparticles should favor their 
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internalization within retinal pigmented epithelial cells and might, therefore, increase the 

drug efficacy”. 

Yandrapu et al. [189], elaborated porous PLGA microparticles incuding bevacizumab 

(Avastin®)-loaded PLA NPs. Following in vitro studies trojan system containing 10% of NPs 

and 90% of microparticles was selected for in vivo studies. It is interesting to remark that 

in this NPs-in-Microparticles (NiMs) approach, the use of NPs is neither focused on their 

cell internalization properties nor on their ability to protect the active compound from 

the external environment, so once the NP is released from the porous microparticles, the 

adsorbed protein is rapidly released. The use of NPs in this case simply ensures the 

progressive release of the compound. Two months post-dosing, rat’s eyes were 

enucleated and bevacizumab was detected by ELISA in vitreous, retina and choroid-RPE, 

but only in eyes treated with microspheres.  

In a similar way Elsaid et al. [190], elaborated PLGA microparticles including 

ranibizumab (Lucentis®)-loaded CH and N-acetyl-cys-chitosan NPs. Interestingly, CH has 

demonstrated to have antiangiogenic activity itself. Sadly, no tube length inhibition 

studies were performed using the trojan systems. In any case, authors demonstrated that 

the systems created might be considered interesting platforms for the delivery of active 

anti-VEGF proteins after intravitreal administration. 

All these results confirmed the high potential of the new methodology proposed for 

microencapsulation of active proteins system for vitreoretinal diseases. 

 
5.2.6 Nanobubbles 

As mentioned before the intravitreal route faces many challenges in rapidly and 

effectively reaching posterior eye pathology, with administered therapeutics experiencing 

non-specific distribution around and premature clearance from ocular tissues. 

Nanobubbles and ultrasound may improve outcomes of intravitreally administered drugs 

by influencing the directionality of drug-containing particle migration. Thakur et al. [191] 

assessed the impact of trans-scleral or corneal ultrasound application on the distribution 

of intravitreally-injected nanobubbles (Z-average size of 205.0 ± 35.3 nm). Rhodamine-

tagged gas entrapped nanobubble formulations were prepared and injected into ex vivo 

bovine and porcine eyes and subjected to ultrasound (1 MHz, 0–2.5 W/cm2, 50–100% 

duty, 60s). Bovine eyes were partially dissected to visualize the vitreous body and particle 
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migration was evaluated via optical fluorescence spectroscopy. Administration of 

ultrasound significantly enhanced the directional migration of nanobubbles in both ex 

vivo models, with multiple corneal ultrasound cycles promoting greater migration of dye-

filled nanobubbles to posterior regions of the vitreous. Moreover, particles moved in a 

directional manner away from the ultrasound wave source demonstrating an ability to 

effectively control the rate and path of nanobubble migration. These findings establish an 

encouraging new and safe modality enabling rapid distribution of intravitreally-injected 

therapeutics where expeditious therapeutic intervention is warranted. 

 
5.2.7 Gold nanoparticles (GNPs)  

Due to their unique properties, GNPs are used more and more in the biomedical field, 

especially for drug delivery, gene delivery, and thermal treatment of cancer. GNPs are 

stabilized by a wide variety of ligands that influence their size and properties. According 

to the experimental conditions of their synthesis, their diameter range from 1 to more 

than 120 nm. Different shapes can be obtained, including coreshell NPs, nanocages, or 

nanorods whose aspect ratios (length divided by width) modify their optical properties. 

The excellent stability of GNPs permits chemical reactions directly on their surface. The 

ligands used to stabilize GNPs may be specifically chosen for drug encapsulation and 

release, or to target specific tissues, such as tumors. The ligands’ size, charge, length, and 

polarity influence the properties of the GNPs and play a major role in drug-release 

efficiency. Drugs can be either covalently bound to GNPs, or encapsulated via 

supramolecular interactions. 

The delivery of bevacizumab was tested via the use of an agarose hydrogel containing 

GNPs [192]. The system was photo-modulated and several cycles of illumination did not 

alter the structural integrity of the drug that remained above 80%. Moreover, its in vitro 

biological activity was retained. These data suggest that GNPs can be combined with 

hydrogels to couple their properties, leading to a biocompatible controlled drug delivery 

system. 

Also GNPs have been tested for gene delivery. Sharma et al. topically administered 2-

kDa polyethylenimine conjugated to GNPs (PEI2-GNP) containing green fluorescent 

protein (GFP) gene on rabbit corneas [193]. In another study the topical administration of 
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the same GNPs delivery system containing BMP7 gene, was demonstrated a significantly 

reduced postsurgery laser fibrosis in the rabbit cornea [194]. 

Several nanodelivery systems are developed for retinoblastoma (RB) therapy. Mitra et 

al. [195] elaborated GNPs for the targeted delivery of small interfering ribonucleic acid (si-

RNA) able to knockdown the epithelial cell adhesion molecule (EpCAM) gene in RB cells. 

These GNPs were capped with polyethylenimine (PEI) ligands and their biocompatibility 

was confirmed on RB Y79 RB cells. In vitro experiments on these cells led to a significant 

downregulation of the EpCAM expression levels when GNPs were combined with an 

EpCAM antibody, highlighting the importance of a targeted therapy.  

Moreover, GNPs can also be considered as drugs because of their intrinsic therapeutic 

properties. Indeed, their anti-inflammatory and antiangiogenic properties make them 

ideal drugs for ocular inflammations [196] and ocular NV [197], which is the primary 

cause of visual deficiency in industrialized countries. 

 

5.3 Other applications of nanotechnology for ODD: 
 

5.3.1 Soft Contact lenses (SCLs) 

Besides their application as corrective lenses, SCLs may serve as ODD system for the 

anterior segment of the eye [198, 199], or as protective device (bandage lenses) for the 

treatment of corneal injuries. Although the use of SCLs as DDS is relatively an old idea 

there are currently no approved products on the market. However it is still an interesting 

and challenging approach. The main concept is that the SCL acts as drug reservoir 

increasing the contact time of the drug and thus its bioavailability. Nevertheless, these 

systems cannot sustain drug release beyond 1 day and require high levels of drug to 

ensure adequate loading, which can lead to an unwanted burst release. In order to 

overcome this problem researchers examined the use of nanotechnology. They 

developed two different aproaches. The first is soft contact lenses loaded with drug-

loaded nanoparticles and the second one is molecular imprinted soft contact lenses 

(molecular imprinted polymer technology – MIP).  

The first technique uses known nanosystems such as polymers, liposomes, micelles 

and microemulsions to capture the drug and then disperse the DDS in the material which 

constitutes the contact lens. Other techniques include piggybacking of drug–polymer 
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films on SCL, and the use of ionic ligands. Also using variables such as temperature or pH 

the engineered particles may undergo reactions leading to the release of their content 

only in the ocular milieu, avoiding the prior issues. 

Jung et al. [200] designed temperature-sensitive contact lenses to induce ophthalmic 

drug delivery. In particular, they prepared TM-loaded polymeric NPs and dispersed them 

in polymer gels. In vitro release experiments evidenced that NPs loaded gels can be used 

as contact lenses that are able to release the drug upon insertion in the eye with minimal 

impact on other physical properties. 

Ho-Joong et al. produced lysozyme-degredable, TM loaded nanodiamonds (ND)-

nanogels.  The ND-embedded contact lens had great mechanical properties and 

appropriate water content values without significant change in optical clarity. After 

triggering by lysozyme, the ND-nanogels lenses released cumulative drug of 9.5 μg over 

24 h [201]. Behl et al. produced DEX-laden CH NPs incorporated HEMA contact lenses. 

The obtained HEMA contact lens showed approximately 56% drug release in 22 days, with 

10% initial burst and 98% transmittance relative to the blank contact lens without the NPs 

[203]. 

Besides the above mentioned drug-laden NPs that can be dispersed into contact 

lenses, pure NPs without drug can also be embedded into contact lenses. Silver NPs 

demonstrate good anti-bacterial activity through enzyme inactivation and interference of 

DNA replication, and show an anti-bacterial effect when loaded within contact lenses as 

well [203]. 

Several studies also have been done concerning the use of liposomes loaded SCLs. In 

addition to liposomes embedded in the lens matrix, liposomes can be also immobilized on 

the contact lens surface for drug loading. This is beneficial, as liposomes on the lens 

surface have been shown to improve tear-film stability and lipid-layer thickness, without 

affecting visual ability and lipid deposition of the contact lens surface [204]. 

Micelles and microemulsions are the two others kind of NPs that have been used in 

similar studies. Polymer micelles can be used to extend the duration of drugs and to 

maintain the desired physical properties of the contact lens. HEMA hydrogels containing 

CsA polymer micelles achieved drug release for more than 60 days, without 

compromising the mechanical and optical properties [205]. Microemulsions have 

advantages for ocular delivery such as their simple preparation and sterilization. The 
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release kinetics of drugs from contact lenses correlate with the stability of 

microemulsions. 

The second technique, MIP technology, is an approach for loading drug templates into 

contact lenses, by creating cavities in the contact lens that have a high affinity for drug 

molecules during the polymerization reaction. After production, drugs can then be 

reloaded into the lens through soaking due to the high affinity cavities. The molecular 

imprinting process is presented in Figure 7. The composition of the imprinted contact lens 

plays a key role, as the functional monomer and backbone monomer determines the 

polymeric matrix and the cavity affinity for the template molecules. 

 

 

Figure 7: Molecular imprinting process (Xu J et al., J. of Contr. Release, 2018; 281: 97–118). 

 
Studies that used MIP contact lenses technology for delivery of TM [206] or ketotifen 

fumarate revealed a 1.6-times higher capacity to encapsulate the drug and also a higher 

bioavailability in comparison to the usual process of soaking lenses or even to commonly-

used eye drops. The relation between the parameter of bioavailability between the MIP 

lenses and the non-printed lenses was 3-fold higher for the first referred. Such results 

clearly demonstrate the capacity of the drug-stamped lenses to be much more effective 

in the delivery of drug to the desired tissue in relation to the other two referred 

formulations. 

The largest drawback to contact lenses for drug delivery is the potential for low 

patient compliance rates, estimated to be as low as 53 % for replacement of lenses and 
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45 % for proper handling. This tendency could be problematic for drug delivery 

applications, as lenses would need to be changed at the appropriate intervals to ensure 

that therapeutic drug levels are being delivered. Additionally, improper handling and poor 

compliance could lead to additional complications such as contact lens-related dry eye 

and ocular surface infections. Also another disadvantage of NPs-delivered contact lenses 

that need to be overcome is the natural aggregation of the NPs that cause a decrease in 

transparency, and ubiquitous burst release caused by drug diffusion from the NPs during 

storage periods. 

 
5.3.2 Micro devices and Microelectromechanical systems (MEMS) for ODD 

The ultimate objective of intraocular drug delivery is to deliver drugs more than two 

years with improved ocular drug bioavailability, minimal complications, and maximal 

patient compliance. These unmet needs can be fulfilled by microtechnology which 

enables miniaturization of biocompatible materials and integration of active control 

components. Thus, microtechnology-based intraocular drug delivery systems, such as 

minimally invasive microneedle systems, MEMS-based drug delivery systems with on-

demand drug release, and advanced bioresponsive polymeric devices for self-regulated 

drug delivery, are actively researched. Design factors for intraocular drug delivery systems 

include volume of the implants, site of implantation, materials (biodegradability), and 

actuation methods (passive or active), and reliability. 

 
5.3.2.1 Ocular implants and inserts  

Ocular implants are devices prepared using biodegradable or non-biodegradable 

materials and need to be surgically inserted in the vitreal compartment. Implants provide 

several advantages over conventional ocular drug delivery systems in that they reduce 

potential for systemic side effects, avoid restrictive blood-ocular barrier, and provide a 

sustained release of medications. This makes them immensely useful for use in chronic 

diseases such as uveitis, cytomegalovirus retinitis, and ARMD. 

Ocular inserts are intended to conjunctiva. They are solid and semisolid polymeric 

mass that are placed in the lower fornix (cul-de-sac) of the eye. Ocular inserts are used to 

overcome the problems related to the conventional eye drops as mentioned before. They 

are sterile solid devices made either of thin discs or cylinders of variable size and shape 
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composed of polymer which may contain drug or may be devoid of it. The drug can be 

later included into the polymeric material as a solution or dispersion. 

Based on the physicochemical property of solubility, the inserts are classified as 

insoluble, soluble and bioerodible. The insoluble ocular inserts can further be divided into 

groups such as diffusion system, osmosis system and contact lenses. Soluble inserts are 

classified based on the type of polymer. Bioerodible inserts can be categorized as 

insoluble ocular inserts or soluble ocular inserts. 

 
Anterior segment ocular implants/inserts 

In a remarkable study Di Trani et al. [207], introduced a new intraoculary implantable 

device called the nanofluidic Vitreal System for Therapeutic Administration (nViSTA®, 

figure 8) for continuous and controlled drug release based on a nanochannel membrane 

(which measures from 2.5 to 250 nm) that obviates the need for pumps or actuation. In 

vitro release analysis demonstrated that this device achieves sustained release of 

bimatoprost (BIM) and DEX at concentrations within clinically relevant therapeutic 

window. In this proof of concept study, the investigators constructed an anatomically 

similar in silico human eye model to simulate DEX release from the implant and gain 

insight into intraocular pharmacokinetics profile. The DEX-loaded nViSTA maintained a 

constant release of approximately 20 μg over 20 days, while BIM demonstrated a burst of 

approximately 40 μg over the first 2 days then a linear release of 37 μg over the next 18 

days. Τhe release mechanism of the nViSTA is drug-agnostic and can be leveraged as 

potentially viable platform for long-term treatment of various chronic ocular diseases. 

Fulgêncio et al. [208] developed a CH-coated TM hydrogel mucoadhesive film for the 

treatment of glaucoma. In vitro study showed that 85% of TM was released from the 

mucoadhesive films in 2 weeks, and the total content was released within 4 weeks. IOP-

lowering efficacy of the 0.5% TM commercial ophthalmic solution was similar to the films. 

However, animals that received TM-loaded CH films kept their IOP at lower levels over a 

10-week period, while the effect of the TM commercial eye drops group was maintained 

for 12 days. 

Another notable IOP-lowering device, a fornix insert, developed by Jung et al. [209] 

studied the continuous release of TM in vitro. TM was crosslinked to propoxylated 

glyceryl triacrylate NPs by an ester bond. The NPs were then mixed with hydroxylethyl 
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methacrylate, and the extended release of TM could therefore be dispensed over a range 

of 10–30 days by adjusting the fraction of the particles in the insert or the amount of drug 

loaded in the insert. 

 

 

Figure 8:  nViSTA®: (A) Rendering of the device showing dimensions and device compartments. The drug is 
loaded in the macrochannel reservoirs then sealed with epoxy. (B) Scanning electron microscopy (SEM) of 
diced 20 nm nanochannel 2 × 2 silicon membrane. (C) SEM bottom view of membrane showing 
microchannels. Scale bars in SEM images represent 400 μm. Scale bar in inset is 25 μm. (D) Side view 
rendering of microchannels showing the nanochannelorientation and drug diffusion path (not to scale) 
[207]. 

 
Also Rathod et al. [210], dedscribed Eudragit® NPs of ACZ incorporated into an ocular 

insert. Ex vivo transcorneal permeation study showed that ACZ-loaded Eudragit NPs 

displayed better permeability and flow across corneal tissue than the drug suspension. In 

vivo studies demonstrated substantial IOP lowering and improved ocular tolerability of 

ACZ inserts when compared to ACZ suspension. 

In another study Franca et al. [211], prepared CH BIM-loaded hydrogel inserts. 

Biodistribution studies showed that a higher amount of 99mTc-BIM remained in the eye 

after CH insert implantation compared to eye drop instillation. BIM-loaded inserts were 

able to lower IOP for 4 weeks after one application, whereas marketed eye drop could 

only lower IOP for 1 day. 

De Souza et al. [212] recently developed a mucoadhesive insert of CH polymer for the 

sustained release treatment of glaucoma by incorporating BT. CH polymer was able to 

adhere on to the conjunctival area and it was mucoadhesive in nature. The cell study 

showed that insert had no burst release of the drug and was biocompatible in nature. 
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Inserts showed remarkable in-vivo results in lowering IOP by providing sustained release 

of drug up to 30 days. 

 
Posterior segment ocular implants 

Particle Replication in Non-wetting Templates (PRINT®, figure 9) is a new very 

promising technology from Envisia Therapeutics (nowadays acquired by Aerie 

Pharmaceuticals Inc.) established to rationally design and manufacture micro- and NP 

systems. Unlike self-assembled particle systems or harsh micronization techniques, the 

PRINT® technology offers the unique ability to rationally design precise particles of 

virtually any size, shape and chemistry. Because each particle is manufactured with 

precision, the PRINT particles and implants have been designed to have unparalleled lot-

to-lot and dose-to-dose consistency. Envisia has developed the ENV515 and ENV705 

products for delivering prostaglandin analogues (GLA) and anti-VEGF agents (ARMD) 

respectively with good results. [213, 214, 215] 

 

 

Figure 9: PRINT® technology is compatible with small molecules and biologics and allows for precise control 
of size, shape and chemistry [213]. 

 

Instead of providing cytokines/neurotrophic factors to ocular cells, scientists are 

developing systems that incorporates cells within it which can secret those bio-chemicals. 

NT501 (Renexus®, Neurotech Pharmaceuticals, figure 10) and NT503 are Encapsulated 

Cell Therapy (ECT) based IVT implants made of 1.5mm long AN69 copolymer 
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(polyacrylonitrile-methalylsulfonate) microcapsules loaded with genetically modified cell 

line that secretes ciliary neurotrophic factor (CNTF) and soluble VEGF receptor. The 

implanted cells survived for at least 90 days and their IVT release of cellular factors 

induced a delay of photoreceptor cells degeneration in the treated eyes. The procedure 

was associated with changes of the retinal architecture in a few eyes. However, no 

rejections or factor induced tumor formation were observed in any of the treated eyes. 

ECT device made of polyether sulfone (PES, N99%), caprolactame (plasticizer) and 

polyvinyl-pyrrolidone (antifouling) was developed and then fixed in the vitreous cavity by 

a titanium anchor [216, 217]. Neurotech Pharmaceuticals has received Orphan Drug 

designation for NT-501 ECT for the treatment of Macular Telangiectasia II from the FDA. 

 

 

 
 
5.3.2.2 Minimally invasive Microneedles 

Microneedles are solid or hollow needles of micron measurements. As drug-delivery 

technology was originally used for overcoming the stratum corneum and was used for 

transdermal drug delivery [218]. In case of transdermal delivery, they form very small but 

numerous pores in the skin through which absorption/penetration of 

drug/microparticle/NPs increases giving higher bioavailability without any wound or 

foreign body response. The effectiveness of microneedles for transdermal drug-delivery 

systems inspired researchers to investigate their potential to treat anterior and posterior 

segment ocular disorders. This minimally invasive technique can also be applied for ODD 

of hydrophilic and hydrophobic drugs. 

Solid stainlesssteel microneedles (MNs) coated with drugs such as sunitinib malate 

and pilocarpine resulted in higher drug bioavailability in the anterior ocular segment 

compared with topical drop applications in vivo [219, 220]. Microneedles can also be used 

to deliver therapeutic agents for the posterior ocular segment. Microneedle NP and MP 

Figure 10: Renexus® device, 
Neurotech Pharmaceuticals 
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suspension can be delivered to the suprachoroidal space. Than et al. [221] have shown a 

polymeric eye patch consisting of an array of detachable and biodegradable MN for 

controlled and localized ODD. These MN could penetrate into the corneal layers and 

deliver antiangiogenic monoclonal antibody (DC101) for the treatment of CNV. The MNs 

were double layered with DC101 to provide biphasic drug-release kinetics to enhance the 

therapeutic efficacy of the MNs. The DC101 MN eye patch produced approximately 90% 

reduction in CNV in a CNV disease mouse model as compared with a topical eye drop. The 

researchers also suggested that the MN patch is minimally invasive and can be self-

applied by patients on their corneas. 

Thakur et al. [222] developed a dissolving polymeric MN based on a (PVP)/hydrogel 

formulation. Drug-loaded PVP rapidly dissolved in biological tissues due to its highwater 

solubility. In addition to the fact that no additional surgery is required for the MN system, 

dissolvable polymeric MN systems offer an advantage of enhanced safety; a broken small 

part of the rigid MNs during implantation could lead to a serious complication (figure 11). 

 

 

Figure 11: 7 Representative digital images of PVP MN arrays before and after insertion into porcine a the 
corneal and b the scleral tissues for predefined times; t0 = 0 s, t1 = 10 s, t2 = 60 s, t3 = 120 s [222]. 

 
Use of MN in the suprachoroidal space or scleral region allows easy penetration of 

drug/MP/NP into the above. As suprachoroidal space is empty space between sclera and 

choroid, it acts as reservoir from where drug releases slowly to choroid/retina. There are 

investigations going on human cadaver eye, and rabbit eye showing their higher 

effectiveness in terms of tolerance, compliance and bioavailability. These studies show 

that delivery of drug/nanotechnology based DDS with the help of hollow and/or coated 



70 
 

MN are very promising [223]. It is minimally invasive and effective technique for 

delivering drugs also to posterior segment [224, 225]. 

MN can greatly aid in increasing the bioavailability of a certain drug in a particular 

tissue by localizing the DDS. MN can be a paradigm shift for the way ocular formulations 

are administered, but their current limitations demand further research in the field for 

desired clinical translation. 

 
5.3.2.3 Nanowafers 

Nanowafers are small, transparent, rectangular membranes or circular discs 

containing drug loaded into nanoreservoirs which can be smeared on the ocular surface 

using a fingertip. Controlled drug release from the nanowafer can increase the residence 

and contact time of the drug with the corneal and conjunctival surfaces. This can aid in 

higher drug absorption into anterior ocular tissues. The nanowafer not only enhances the 

drug bioavailability but also acts as a protective polymer membrane to heal injured and 

abraded corneal surfaces commonly found in corneal NV and DED. This novel nanocarrier 

is designed from biodegradable and biocompatible polymers which can be eliminated 

over a period of time.  

Coursey et al. [226] and Bian et al. [227] developed a DEX-loaded nanowafer (Dex-

NW) for the treatment of DED. The nanowafer was fabricated using carboxymethyl 

cellulose polymer and consisted of an array of nano drug reservoirs filled with DEX. The in 

vivo efficacy of Dex-NW was tested in a dry eye disease mouse model. Dex-NW was 

administered as once-a-day treatment on alternating days for a 5-day period of time. 

After the treatment duration, it was observed that Dex-NW was able to restore the 

corneal barrier function along with a healthy ocular surface which was similar to twice-a-

day treatment of topically applied DEX eye drops. Yet another interesting finding the 

scientists reported was that Dex-NW was effective in lowering the overexpression of 

inflammatory cytokines such as tumor necrosis factor-a, interferon-g, interleukin-1b, and 

interleukin-6. Also, the expression of inflammatory chemokines such as CXCL-10, CCL-5, 

and MMP-3 and MMP-9 was lowered. 

Axitinib (a tyrosine kinase inhibitor used as anti-VEGF agent, Pfizer Inc.) loaded NW 

were developed by Yuan et al. [228] for the treatment of CNV. A murine ocular burn 

model was used to evaluate the in vivo efficacy of axitinib-loaded NW. The laser-scanning 
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confocal imaging and reverse-transcription PCR results revealed that the once-a-day 

axitinib-loaded nanowafer was twice as effective as compared with axitinib daily topical 

eye drops. These findings have shown the potential of NW for further evaluation in 

clinical trials. 

 
5.3.2.4 MEMS 

Micropump™ (Replenish Inc., Pasadena, CA) is a small, refillable, non-biodegradable 

implantable microelectro-mechanical system (MEMS) which is placed in the 

suprachoroidal space to dispense nanolitre sized doses in predefined rate every hour, day 

or month. It was proved safe and functional till 12 months in small animals [229]. It is 

refillable, can be replenished when needed with the help of disposable proprietary 31 

gauge needles. The Drug Refill System™ (figure 12) is a separate console unit used to fill 

and refill these with drug. It eliminates the need of frequent surgery for replacement and 

refilling [230]. 

 

 

Figure 12: Schematic representation of the MicroPump™ implanted at the pars plana position with the 
Drug Refill System™. The Replenish MicroPump™ System is for investigational use only and is not yet 
approved for commercial distribution (Replenish Inc., Pasadena, CA). 

 

Song et al. [231] developed a triboelectric nanogenerator which harvested energy 

from human body movements and interfaced the nanogenerator to an electrochemical 

pressure pump embedded in an implantable intraocular DDS. A PDMS microtube was 

implanted at the sclera and allowed for successful delivery of 50 μL of microparticles to 
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the anterior segment of porcine eyes ex vivo. However, because the self-powered 

triboelectric nanogenerator must be attached to the body with largest movements and 

because it does not generate high enough power for wireless transmission, this unit was 

connected to the implant through long wiring. For clinical applications, a more practical 

solution for the connection should be proposed.  

A very new but less explored approach is use of magnetic field for drug delivery to 

posterior segment. Pirmoradi et al. [232] showed that a device basically MEMS, consisting 

of reservoir system of drug (docetaxel), polymer (EVA) with small magnetic beads is 

placed in the targeted site and external magnetic field is applied which causes movement 

in magnetic beads leading to breakdown of polymer, intake of solvent/surrounding 

media, swelling of polymer and then release of drug from reservoir. The limitation of this 

system is rapid depletion of the magnetic response of the small magnets and thus chronic 

functionality must be further investigated. In addition, magnetic actuation is not 

compatible with two major medical imaging modalities: CT and MRI. This system was 

biocompatible and quite effective but needs further investigation. 

 

6. Nanotechnology augmented Diagnosis and imaging of ocular diseases 
 

6.1 Imaging 

 A number of diagnostic imaging applications for the eye are anticipated based on 

advances in nanotechnology and nanomedicine. Light signals from the NPs and changes in 

emission properties (e.g. fluorescence lifetime) as a function of the environment are 

useful measures that can be used to non-invasively assess biomarkers of disease [233]. 

One imaging based application is polychromatic angiography. Current diagnostic 

imaging for detection of retinal vascular leakage and NV is conducted by intravenously 

administering a fluorescent molecule, fluorescein, (Fluorescein angiography, FA) which 

permeates across the blood retinal barrier in diseased eye, but not in a normal healthy 

eye. This diagnostic technique cannot differentiate early from late stage disease and is an 

“all or none” diagnostic of neovascular diseases. Therefore, a method that can distinguish 

early from late stage vascular diseases would allow for a better assessment of disease 

progression, improve ability to choose appropriate treatment and dose, and allow for 

monitoring effects of treatment and dose. Tari et al. [234] propose a polychromatic 
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angiography diagnostic that will be able to distinguish early from moderate and late 

stages of disease and hence, offers potentially several advantages in the treatment and 

management of retinal vascular diseases. The idea is that small particles extravasate 

through leaky vasculature or compromised blood barriers in early stage disease, but not 

larger particles. However, in late stage disease, large and small particles alike will leak 

through vasculature or permeate across blood barriers and colocalize in the tissue. If the 

small particles contain a different colored dye than large particles, then the color can be 

tracked to monitor the stage of disease. The detection of both large and small particles 

indicates severe breakdown or dysfunction of blood barriers, whereas the detection of 

only small particles indicates that lesser breakdown or dysfunction exists.  

Polychromatic angiography can also be applied to detect vasculature blockage; for 

instance, both large and small particles will travel through normal vessels, but when 

blockage occurs, only the small particles or no particles will travel across the blockage. 

Therefore, immediately after the blockage either no fluorescence or only fluorescence 

from small particles will be detected and fluorescence of large and small particles will be 

detected before the blockage. 

Other inorganic NPs made of noble metals, such as gold or silver are generating much 

interest due to their small size, about 20 nm, and their great potential of crossing the 

blood-retina barrier. Also functionalized NPs could be bound to specific target. The NP 

coat creates enhanced signaling by producing additional contrast, allowing identification 

of isolated defects. With this technology, neuroectodermal cells can be imaged using iron 

oxide NPs. Functionalization of iron oxide NPs with PEG, chlorotoxin and the near-infrared 

fluorescing molecule Cy5.5 enables high-affinity binding to and endocytosis by 

neuroectoderm-derived cells [235]. Enhanced visualization via magnetic resonance 

imaging and confocal fluorescence microscopy was observed. Thus, detection of RPE 

pathologies or location of choroidal or optic nerve invasion by retinoblastoma may be 

facilitated using this imaging technology. It is also interesting to investigate long-term 

migration pathways of these iron oxide nanoparticles, as compared to the DNA NP. 

NPs also offer a unique imaging modality that could further elucidate our 

understanding of biological pathways, for example via fluorescence imaging in animal 

models. Tam et al. [236] used Qdots, such as CdSe/ZnS core/shell NPs, to trace live 

images of lymphatic drainage from mouse eyes. Qdots, unlike conventional methods for 
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observing the lymphatic network, are ideal for non-invasive in vivo imaging due to their 

broad excitation spectra, narrow and tunable emission spectra and high photobleaching 

threshold. By changing the diameter of the Qdots, the emission spectra may increase or 

decrease appropriately. This allows for a level of modification to adapt to the Qdots in 

different situations. In this mouse study, the Qdots were found to show lymphatic 

drainage from the skin, peritoneal and pleural spaces. They also enabled the visualisation 

of a newly described lymphatic drainage route for fluid exiting the eye. 

Bioinert GNPs of various shapes and functionalities are widely accepted as contrast 

agents (CAs) for several modalities of imaging, electron microscopy, CT, X-ray and 

photoacoustic (PA) imaging.  Sreejith et al. [237] were successfully demonstrated gold 

nanocages (AuNcgs) for high-contrast PA ocular imaging for the first time. PA and ultrasound 

(US) images were acquired using a commercial US imaging scanner integrated with a tunable 

nanosecond pulsed laser. This integrated hybrid-modality system is a combined PA and US 

platform for imaging which enabled acquiring of complementary structural and optical 

absorption-based information simultaneously. Initial experiments were conducted using 

tubings filled with solutions of different concentrations of quickly synthesized AuNcgs. 

Biological PA and US imagings were demonstrated using enucleated porcine eye samples. 

Based on the acquired results, it is envisaged that AuNcgs can be employed as a high strength 

PA CA to potentially diagnose ocular disease like uveal melanoma in the near future. 

Interestingly a recent study from Nguyen et al. [238] showed that multimodal imaging 

with photoacoustic microscopy (PAM) and optical coherence tomography (OCT) can be an 

effective method to evaluate the choroidal and retinal microvasculature. To improve the 

efficiency for visualizing capillaries, colloidal GNPs have been applied as a multimodal 

contrast agent for both OCT and PAM by taking advantage of the strong optical scattering 

and the strong optical absorption of GNPs due to their surface plasmon resonance. 

Ultrapure GNPs were fabricated by femtosecond laser ablation, capped with PEG, and 

administered to 13 New Zealand white rabbits and 3 Dutch Belted pigmented rabbits. The 

synthesized PEG-GNPs (20.0 ± 1.5 nm) were demonstrated to be excellent contrast agents 

for PAM and OCT, and do not demonstrate cytotoxicity to bovine retinal endothelial cells 

in cell studies. The image signal from the retinal and choroidal vessels in living rabbits was 

enhanced by up to 82% for PAM and up to 45% for OCT, respectively, by the administered 

PEG-GNPs, which enables detection of individual blood vessels by both imaging 
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modalities. The biodistribution study demonstrated the GNPs accumulated primarily in 

the liver and spleen. Histology and TUNEL staining did not indicate cell injury or death in 

the lung, liver, kidney, spleen, heart, or eyes up to seven days after GNPs administration. 

PEG-GNPs offer an efficient and safe contrast agent for multimodal ocular imaging to 

achieve improved characterization of microvasculature. 

Nanowires are another kind of nanomaterials that could be defined as the structures 

possessing a diameter of less than 100 nm and the length that is not definite. 

Semiconductor nanowires exhibit peculiar electronic features and sizes similar to 

biological structures included in cellular communication. That consequently makes them 

suitable nanostructures for producing active communications with biological systems 

[239]. These techniques should be applicable to measuring functions such as electrical 

activity and contractility in neurons. Micro- and nano-electromechanical systems 

(M/NEMS)-based engineering permits the construction of small diagnostic devices. 

 

6.2 Biosensors 

A very interesting use among others of GNPs due to their special property of plasmon 

resonance is that of biosensors. Kim et al. [240] functionalized biosensing paper strips 

with GNPs for early detection of infectious keratoconjunctivitis. This approach was based 

on the surface-enhanced Raman scattering (SERS) effect [241]. Raman spectroscopy is a 

powerful technique allowing the identification of specific molecules. Here, the localized 

surface plasmon resonance of the GNPs produces the SERS effect, greatly increasing the 

Raman signal [242]. Human tears were analyzed and the Raman spectral data were 

studied through the comparison of different principal component (PC) scores. The 

analysis not only allowed the differentiation between normal and infectious eyes, but also 

the determination of the infection type (viral, bacterial, or allergic). 

Verma et al. [243] developed a “chemical nose” based on gold nanostars for detection 

of deferent ocular pathogens. When bacteria were added to CTAB–gold nanostars, the 

absorbance tuning allowed the identification of the different species with 99% success. 

In another study Wang et al. [244] designed a biosensor based on GNPs or gold 

nanorods and fluorophore-labeled locked nucleic acid probes (LNA) for dynamic gene 

expression profiling in native tissue microenvironments. The GNPs and gold nanorods 

were functionalized with specific chemical groups. This system was then tested with 
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mouse cornea and retina tissues and was able to follow the regulation of a single gene. 

This probe, which has excellent stability and low toxicity in living cells, is a promising 

approach for dynamic cell gene expression analysis in tissue morphogenesis and 

regeneration. 

Interestingly, other biosensors based on gold wire or gold layer, whose properties 

differ from those of GNPs, were also developed for the classification of human lachrymal 

liquid [245] or human aqueous humor [246]. These new platforms could be developed for 

point-of-care diagnosis of ocular pathologies. 

Also other sensors are being developed, that allow direct identification on the 

molecular-level, for therapeutic purposes. An excellent example of this has been worked 

on for directly detecting retinoblastoma (RB) [247]. RB has been linked to the inactivation 

of the RB gene (Rb), which is a tumor suppressor gene. The promoter region of the Rb 

gene is methylated in a significant number of primary RB tumors. A direct electrochemical 

detection of DNA methylation for RB has been devised using a 40-nm-thick nanocarbon 

film electrode that has a nanocrystalline sp2 and sp3 hybrid structure, providing a wide 

potential window, low background current, little surface fouling, and high electrode 

activity compared with boron-doped diamond and glassy carbon electrodes. Through 

these unique properties of nanocarbon, it is possible to detect biomolecules with slower 

electron transfer rates, such as nicotinamide adenine dinucleotide phosphate and 

pyrimidine bases, allowing direct detection of single-nucleotide polymorphisms and 

consequently, the oxidization of all DNA bases individually, enabling the identification of 

DNA bases and their derivatives [247, 248] These nanocarbon films have been used to 

characterize DNA methylation directly from a 6mer oligonucleotide without any 

treatment, and 24mer oligomers containing methylation sites for RB (RB1) gene 

fragments and the CpG (cytosinephosphoguanosine) repeat sequences (60mers) could be 

detected using nanocarbon film electrodes. Moreover, electrochemical experiments using 

the nanocarbon film electrode provided quantitative detection of DNA methylation ratios 

solely by measuring methylated 5’-CpG repetition oligonucleotides (60mers) with 

different methylation ratios [249]. 

The process of coupling superparamagnetic iron oxide (SPIO) NPs or Qdots to 

antibodies that identify molecules as the elements of the complement system or 

molecular constituents connected with ARMD caused alterations in Bruch membrane. 



77 
 

That could serve as a vehicle to image the biochemical and/or structural changes 

accompanying ARMD [250]. This ability might be essential for the improvement of ARMD 

treatments that are aimed at early molecular alterations and early stages of the disease. 

 

7. Nanotechnology augmented Diagnosis and Therapy of ocular diseases 
(Theranostics) 
 
Theragnostics refers to a process in which diagnosis of a disease state, individualized 

for a particular patient (even to particular cells within a patient), is coupled with therapy 

that is targeted precisely in its nature, amount, and location. 

Prow et al. [251] have developed a biosensor DNA tethered to a magnetic NP. The 

biosensor is based on an enhanced green fluorescent protein (EGFP) reporter gene driven 

by an antioxidant response element (ARE), which normally is activated by oxidative stress 

and enhances the expression of genes downstream in its sequence. This engineered NP 

penetrates endothelial cells (preferentially dividing cells), and exposure of the cells to 

hyperoxia drives the expression of EGFP. After subretinal injection, these biosensor NPs 

report the activation of the ARE in diabetic rat RPE. The antioxidant biosensor could 

provide a means for clinicians to identify patients likely to need therapy (e.g., babies with 

retinopathy of prematurity who will need treatment) at a time before clinical 

manifestations of severe disease are evident. By coupling a therapeutic gene (e.g., 

catalase, peroxidase, superoxide dismutase) to the ARE (in addition to a reporter gene 

such as EGFP), one creates a combined diagnostic–therapeutic device that enables 

endothelial cells (or any cell that takes up the NP) to ‘‘treat themselves’’ in the setting of 

oxidative damage. 

Concerning the polychromatic angiography that was described earlier, it could also 

potentially serve as a therapeutic means wherein drugs are loaded into the particles and 

are delivered to the damaged tissue. Different therapeutics can be loaded into the 

particles such that small particles will contain a different therapeutic than larger particles 

in order to specialize therapy for each stage of disease or blood vessel type and hence, 

provide more appropriate and effective treatment for the disease. 

As mentioned in previous paragraphs ocular NV can result in devastating diseases that 

lead to marked vision impairment and eventual visual loss. In clinical implementation, 
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neovascular eye diseases are first diagnosed by fluorescein angiography and then treated 

by multiple intravitreal injections, which nevertheless involves vision-threatening 

complications, as well as lack of real-time monitoring disease progression and timely 

assessment of therapeutic outcomes. To address this critical issue Tang et al. [252] 

introduced a peptide-functionalized NP SiNPs-RGD as a new kind of theranostic probe for 

the combined imaging and treatment of ocular NV. In addition to negligible toxicity and 

high specific binding ability to human retinal microvascular endothelial cells tube 

formation, the SiNPs-RGD features efficacious antiangiogenic ability in wound healing 

migration, transwell migration, transwell invasion, and tube formation assays. Taking 

advantage of these unique merits, the as-prepared SiNPs-RGD is further employed for 

concurrent angiogenic blood vessels imaging and treatment of corneal NV. These results 

indicate that the photostable and biocompatible SiNPs-based theranostic probes are 

highly promising for simultaneous diagnosis and treatment of NV eye diseases. 

Another interesting approach against oxidative stress was introduced by Chen et al. 

[253]. It is known as a fundamental property of nanomaterials that their surface 

area/volume ratio is relatively high. Vacancy-engineered, mixed-valence state cerium 

oxide (CeO2) NPs (‘‘nanoceria’’ particles) illustrate the biological utility of this property. 

Alteration in the oxidation state of CeO2 creates defects in its lattice structure through 

loss of oxygen or its electrons. As their size decreases, nanoceria particles demonstrate 

formation of more oxygen vacancies in the crystal structure. Engineered nanoceria 

particles can scavenge reactive oxygen intermediates because the large surface 

area/volume ratio at 5 nm diameter enables CeO2 to regenerate its activity and thereby 

act catalytically. Unlike nanoceria particles, most free-radical scavengers require 

repetitive dosing. Chen demonstrated that intravitreal injection of nanoceria particles 

prevents light-induced photoreceptor damage in rodents, even if injected after the 

initiation of light damage. Vacancy-engineered nanoceria particles may function as a 

highly effective treatment for conditions associated with oxidative damage, such as age-

related macular degeneration (AMD) and diabetic retinopathy. 

In a similar study Yurui et al. [254] was used a kind of autoregenerative redox CeQ2 

NPs coated with PEG-PLGA (PCNPs) against oxidative damage correlated with diabetic 

cataract. They found that PCNPs could work not only as an antioxidant to protect lens 

epithelial cells from oxidative stress based on the repetitive elimination of reactive 
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oxygen species (ROS), but also as a glycation inhibitor effectively restraining α-crystallin 

glycation and crosslinking, thereby keeping the lens transparent and alleviating DCs. 

Experimental results successfully validated the fact that the PCNPs were able to operate 

in eyes for a long time to attenuate lens opacity expecting that this strategy will provide 

promising potential for the treatment of DCs. 

 

7.1 Photodynamic therapy (phototherapy) 

Photodynamic therapy (PDT) is a form of phototherapy involving light and a 

photosensitizing chemical substance, used in conjunction with molecular oxygen to elicit 

cell death (phototoxicity). It used mainly in cancer therapy. NPs have unique advantages 

for PDT as they can act as a transducer for converting light with deep penetration ability 

into light within visible wavelength. It can also be used to carry photosensitizers for 

treating tumors. It has been reported that the use photosensitizer loaded-magnetic NPs 

and/or polyethyleneimine are novel attempts to improve PDT to treat uveal melanoma. 

As single excitation wavelength has multicolor-emission capability, multifunctional 

nanoplatform as potential dual carrier system has been developed. 

Makky et al. [255] have developed prophyrin-based glycodendrimers with the 

mannose-specific ligand protein concanavalin A conjugated on to their surface, to 

specifically target the tumor cells in the retina. These hybrid dendrimers are designed as 

photosensitizers for preferential accumulation in malignant ocular tissue, for enhancing 

the effectiveness of PDT. The mannosylated dendrimers demonstrated specific 

interactions with the receptors in the lipid bilayer inducing protein channel 

rearrangement favoring the entry of the dendrimers into the cell. Wang et al. [256] 

synthesized α-mannosyl dendrimeric porphyrins, which exhibited good photo efficiency, 

superior cellular uptake, and significant photo toxicity in retinoblastoma cells. 

 

7.2 Brachytherapy  

Brachytherapy is a form of radiotherapy where a sealed radiation source is placed 

inside or next to the area requiring treatment. Brachytherapy is commonly used as an 

effective treatment, among others tumors, also for uveal melanoma. However, as the 

energy absorption dose of normal and tumor tissue are quite similar, the maximum 

radiation dose is limited according to the normal tissue which surrounds the tumor. The 
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use of radiosensitizing agents may address this problem and overcome hypoxia mediated 

heterogeneity response of the tumor [257]. Fullerene and lipid NPs have been explored as 

strategies to deliver effective brachytherapy and longitudinal imaging in brain tumors. 

More commonly, GNPs have been applied as radiosensitizing agents due to their high 

atomic number and strong photoelectric absorption coefficient. Studies have shown by 

combining brachytherapy with GNPs, it could induce apoptosis of uveal melanoma in vitro 

and in vivo. 

Chang et al. [258] revealed that GNPs can sensitize melanoma B16F10 cells to 

radiation and showed that the NPs can accumulate within the tumor cells. The radiation 

and NPs combo treatment strategy has also significantly prolonged mice survival while 

potently inhibiting tumor growth in a B16F10 mice model. Further evidence of apoptosis 

induction was found in the combination group vs control. Also, GNPs has additional 

vasculature disruption properties when combined with brachytherapy. Berbeco et al. 

[259] found that even low concentrations of GNPs have vasculature disruption effects to 

the tumor endothelial cells. As the NPs can target both induce apoptosis of the tumor 

cells and disrupt its supporting vasculature when combined with radiation, it could 

potentially be used to support brachytherapy for treating uveal melanoma. 

 

8. Nanotechnology augmented monitoring of ophthalmic diseases 

In addition to developing nanomaterials for drug delivery, nanotechnology has given 

rise to MEMS that can track biophysical measurements such as IOP non-invasively. 

Corneal thickness, corneal curvature and the fluctuating nature of IOP complicate 

Goldmann tonometer accuracy at any given moment. Consequently, a single tonometric 

evaluation may be inadequate to evaluate IOP risk. A minimally invasive monitor to track 

the changes of continuous IOP precisely over a period of time would therefore be 

invaluable to clinicians. 

Leonardi et al. [260] developed a non-invasive, wireless, and soft silicone contact lens 

sensor (CLS) capable of detecting changes in IOP. A gauge sensor of platinum-titanium 

which was 170 nm thick and embedded in two layers was used. In order to power the 

sensor, a gold antenna, microprocessor, and an integrated circuit were fixed in the lens, 

this also aided in wireless communication via an external recording unit. As the stress in 

the gauge increased, other mechanical forces compressed and altered the electrical 
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forces present in the gauge. They observed that the contact lens exhibited linear and 

reproducible IOP in the range (15–30 mm Hg) in enucleated pig eyes. The device that 

Leonardi et al. commercialized has obtained the CE mark in Europe (SENSIMED 

Triggerfish; Sensimed AG) and regulatory approval in other regions, but is not FDA-

approved in the USA (figure 13). 

 

Figure 13: (A) Sensimed Triggerfish® mounted on the eye as contact lens, (B) 1: the sensor, 2: the adhesive 
antenna, 3: data is transmitted through a thin flexible cable 4: recorder (Sensimed AG, Switzerland) 

 

A piezoresistive sensor capable of measuring intraocular pressure was engineered by 

Rizq et al. [261]. The sensor is capable of detecting changes in electrical resistance when 

stress is applied and had a radio frequency powering reverse telemetry as well as an 

interface circuit. In addition, Dresher et al. [262] developed a compact circuit with low 

power which can be fixed in a wireless intraocular pressure monitoring system. Applying 

the Bourdon tube technique, i.e., using a thin-walled, curved and hollow tube, other 

devices have been produced and are capable of measuring IOP. Chen et al. [263] used the 

Bourbon tube technique in developing a sensor that had a protective parylene 

membrane. Extraordinarily, the device is capable of measuring IOP without depending on 

an external energy source. Though these sensors have an advantage, it should be noted 

that using the Bourbon tube is an invasive procedure and may uncomfortable for some 

patients. All this research and work done serves as a good platform for wireless and 

implantable devices to be employed in patients with glaucoma and ocular hypertension in 

the future. 

A 

B 
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Also nanoindentation has gained a lot of interest in recent years due to its ability to 

determine the effective modulus and hydraulic conductivity of human ocular surface 

[264]. Through indentations of various regions of the ocular surface, could be design 

novel drug delivery models to penetrate different barriers of the eye through different 

mechanisms such as transscleral transmission. In this manner, nanotechnology can help 

for noninvasively measure the mechanical properties of soft biological tissue such as 

sclera, which due to its large surface and high permeability, would be an ideal route of 

administration for NPs. 

 

9. Nanotechnology augmented ophthalmic surgery 

Albert R. Hibbs suggested the notion of doing surgery by “swallowing the surgeon.” 

He proposed that this nanosurgeon could travel in blood vessels, identify areas of 

damaged tissue, and remove or repair them. The nanosurgical ophthalmic operating 

theater is in its infancy. Sretavan et al. [265] introduced a multifunctional axon surgery 

platform, sized about 1 mm3 that could repair a single axon using dielectrophoresis and 

electrofusion. While peripheral nerve repair may be its first clinical application, the 

availability of a microsurgical operating platform may render its introduction into 

ophthalmology more quickly than into intracranial surgery. 

 

 

Figure 14: Diagrams showing the design and assembly of prototypemultifunctional axon surgery platform, 
Scale = 200 μm [265] 
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Kim et al. [266] developed nanotweezers for the interrogation and manipulation of 

nanostructures. Electrically conducting, mechanically robust carbon nanotubes were 

attached to electrodes fabricated on fine glass micropipettes. The free ends of the 

nanotubes came into apposition as increasing voltage was applied across the electrodes. 

The use of electric current to close the tweezers might cause tissue coagulation, however, 

and the presence of a polar fluid environment might alter the properties of the tweezers. 

An alternative approach, employed by Bhisitkul et al. [267] is the use of MEMS technology 

to synthesize micromechanical forceps. One can anticipate that robotic surgical 

manipulators would be needed to perform fine movements with true nanotweezers 

(humans have minimally a 50-μm tremor amplitude), and imaging systems providing very 

high magnification would be needed to enable the surgeon to visualize the target tissue 

and the instruments themselves. Nanosurgical devices will enable one to perform 

procedures such as internal recanalization of retinal artery and vein occlusions, dissection 

of complex epiretinal membranes, repair of retinal breaks (through tissue regeneration), 

and re-anastomosis of severed optic nerves. 

Given that the main reason for the overall success decrease of glaucoma drainage 

devices (GDD) is the postoperative fibrosis, Ponnusamy et al. [268] successfully 

manufactured a film of PLGA with two layers loaded with 5-FU and MMC for sustained 

drug release. The film was developed to cover the surgical implant. The studies conducted 

in vitro reported MMC was only stable on the surface, so 5-FU was loaded at the bottom. 

5-FU indicated to be released after three to five days continuously until day 28. After five 

days, the information obtained showed cell proliferation was inhibited by a COS-I cell 

culture model. This gives a promising use of glaucoma drainage devices in conjunction 

with anti-inflammation and anti-fibrosis properties. 

In the same direction Shaunak et al. [269] created carboxylated PAMAM generation 

3.5 dendrimer conjugates with D(+)-glucosamine and D(+)-glucosamine 6-sulphate to 

control scar tissue formation after glaucoma filtration surgery in a rabbit model. The 

glucosamine dendrimer inhibited pro-inflammatory chemokines and cytokines, while the 

glucosamine 6-sulfate dendrimer prevented fibroblast growth factor and NV. The 

dendrimers also increased the long-term success of the surgery from 30% to 80%. 

Likewise, Ye et al. [270] developed cationic nanocopolymers, named CS-g-(PEI-b-

mPEG), that mediate IκBkinase β (IKKβ). These NPs successfully target siRNA to reduce 
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scarring locally by selectively suppressing inflammation-induced nuclear factor κ-light-

chain-enhancer of activated B cell activity. Rhesus monkeys underwent trabeculectomy 

and were randomly distributed among three types of subconjunctival injections: CS-g-

(PEI-b-mPEG)/IKKβ-siRNA, mitomycin C and phosphate-buffered saline (PBS). Ye et al. 

determined that the siRNA and mitomycin C exhibited significantly prolonged bleb 

survival compared to the PBS group. There were no significant differences in IOP readings 

in the three groups after surgery. A histologic examination showed that the siRNA group 

had a marked reduction of subconjunctival scar tissue compared to the PBS group, and 

the conjunctival epithelium did not show the acellularity that was present in the 

mitomycin C group. 

Pan et al. [271] engineered an artificial nano-drainage system that can be implanted in 

the trabeculum of the eye and guide flow of aqueous humor on the adjacent 

subconjunctival space. The nano-drainage implant known as ANDI is composed of an 

integrated polymeric shaft and a nanoporous membrane (mimicking the drainage 

function of the trabecular meshwork). There was clogging of proteins in the pores of the 

nanofiltration membrane, though the membrane was able to give the designed flow 

resistance. This promising nano-drainage system may be further improved by altering the 

surface chemistry. 

A glaucoma valve that contains ferrofluid nanoparticles was developed by Paschalis et 

al. [272]. The ferrofluid was 10–100 nm in size and was magnetic in nature, had inert 

properties, and showed supramagnetic behavior. Until the magnetic pressure was lower 

than the liquid flow pressure, the ferrofluid served as a valve. Using X-ray diffraction, the 

device's stability was confirmed as it was not oxidized after exposure to air and water. In 

vivo studies showed an IOP decrease after two weeks in comparison with the 

contralateral control rabbit eye. 

Maleki et al. [273], in order to overcome the postoperative hypotony in non-valved 

GDD developed a cone-shaped polymer biodegradable plug filter. The plug disappears 

once wound healing and bleb formation has progressed past the stage where hypotony 

from overfiltration may cause complications in the eye. The biodegradable nature of 

device eliminates the risks associated with permanent valves that may become blocked or 

influence the aqueous fluid flow rate in the long term. The plug-filter geometry simplifies 

its integration with commercial shunts. Aqueous humor outflow regulation is achieved by 
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controlling the diameter of a laser-drilled through-hole. The developed plug filter is 

500μm long with base and apex plane diameters of 500 and 300μm, respectively, and 

incorporates a laser-drilled through-hole with 44-μm effective diameter in the center. 

Contemporary aqueous shunts although initially effective at delaying glaucoma 

progression, often lead to numerous complications and only 50% of implanted devices 

remain functional after 5 years. In a remarkable work reported by Harake et al. [274] was 

introduced a novel micro-device which provides an innovative platform for IOP reduction 

in glaucoma patients. The device design features an array of parallel micro-channels to 

provide precision aqueous outflow resistance control (figure 14). Additionally, the 

device’s microfluidic channels are composed of a unique combination of PEG materials in 

order to provide enhanced biocompatibility and resistance to problematic channel 

clogging from biofouling of aqueous proteins. The microfabrication process employed to 

produce the devices results in additional advantages such as enhanced device uniformity 

and increased manufacturing throughput. Surface characterization experimental results 

show the device’s surfaces exhibit significantly less non-specific protein adsorption 

compared to traditional implant materials. Results of in vitro flow experiments verify the 

device’s ability to provide aqueous resistance control, continuous long-term stability 

through 10-day protein flow testing, and safety from risk of infection due to bacterial 

ingression. 

 

 

Figure 15: Illustration showing micro-shunt device concept and trans-scleral implantation placement into 
anterior chamber of the eye [274]. 

 

It is well known that cataract surgery often leads to a posterior capsule opacification 

(PCO). An intraocular lens (IOL) used for the cataract was improved by the use of gold 
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nanorods (GNR) and their photothermal properties [275]. Commercial IOL were 

functionalized with GNR previously coated with silica. After an irradiation by 808 nm light, 

photons penetrated into rabbit model eyes, resulting in a photothermal effect by focused 

laser surgery. This treatment allowed reducing the PCO occurrence by about 60% after 30 

days. 

Concerning the field of vitreoretinal surgery Yamamoto et al. [276] used a new 

quantum dot based method to detect vitreous lesions and even demonstrated that this 

nanotechnology method to stain the vitreous can guide surgeons to do vitrectomies with 

more convenience and safeness. 

 

10. Nanotechnology in retinal prosthetics 

Current concepts of retinal prostheses have demonstrated partial recovery of visual 

loss caused by degeneration of the outer retina, whole-thickness retina, optic nerve, or 

even the eye or diseases of the central nervous system. Detailed discussions of 

intraocular retinal prostheses based on integrated-circuit devices are widely 

disseminated. Many challenges remain, prior to successful implementation of high-

resolution retinal prosthesis, notably implant substance toxicity, implant corrosion and 

degradation, tissue reaction and inflammation, meningeal irritation, electrical 

stimulation-induced neural injury, and heat dissipation and thermal damage.  

Innovations in nanotechnology enable fabrication of vertical arrays of conducting and 

semiconducting nanostructures for applications in nanoelectronics, imaging and 

biosensors. The advantages of nanoelectrode arrays include a high density of stimulation 

locations, decreased resistive heat generation, lower power consumption, highly compact 

integration of sensor, processor, and communication element, as well as possible 

independent fuel cell. The diminutive size may enable integration with chemical storage 

systems as well. Such nanoelectrode arrays, i.e., nanoelectrochemicomechanical (NEMS) 

stimulators, can, not only be implanted anywhere along the visual pathway, but can also 

be implanted anywhere in the central and peripheral nervous systems. Disadvantages of 

such NEMS systems at present include immature manufacturing process, difficulty in 

integrating nanoelectrodes to the current semiconductor processing technology, 

specialized surgical techniques, and limited study on biocompatibility. 
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Carbon nanotubes have high tensile strength, are ultralightweight, have excellent 

chemical and thermal stability, and have electrical conductivity on a par with metal. 

Investigations into the application of conducting nanowires and nanotubes in retinal, 

neural, and cortical prostheses are ongoing. In a theoretical visual prosthesis model based 

on the vertical nanoelectrode array [277] the external sensor unit captures the visual 

input, which is processed and wirelessly transferred to the implantable visual prosthesis. 

The visual prosthesis receives the telemetry data, processes them, and transmits 

appropriate signals to the nanoelectrode arrays, which will stimulate the retina, optic 

nerve, or visual cortex. The fact that the array density, the nanoelectrode cluster density, 

and the nanoelectrode length and diameter can be controlled by controlling the 

manufacturing variables make these arrays much more enticing for neurostimulation 

applications. Good biocompatibility of the carbon nanotube meshwork substrate has 

been demonstrated in an in vivo study. 

Other materials that could be used for visual prostheses are under active 

investigation. A nanoscale light-harvesting device has been successfully fabricated using 

zinc (II) metalloporphyrin-coated, single-walled, carbon nanotube field effect transistors 

by Hecht et al. [278]. The single-walled carbon nanotubes have an average tube diameter 

of 1.5 nm and an average tube length of 3 μm. When illuminated with a 420-nm light-

emitting diode, an electronic current is conducted across the carbon nanotube. The 

current is a function of illumination intensity. The authors are optimistic about future 

prospects of such devices in the field of artificial eye or a photovoltaic device. 

Bacteriorhodopsin is a nanoscale photoactive transmembrane protein of the 

Halobacterium salinarium microorganism. The ability of this protein molecule to switch 

back and forth between its purple and yellow forms using laser light of different 

frequencies has promoted its application as an artificial retina or as an ultrahigh-density 

nanostorage or computational device. Frydrych et al. [279] presented design principles 

for the application of bacteriorhodopsin as a sensor material for a color-sensitive artificial 

retina with an artificial neural network learning algorithm. Using these design principles, 

the authors have built a simple artificial retina using the bacteriorhodopsin protein and 

demonstrated that it is possible to produce an artificial color-sensitive retina based on 

protein sensors. Photoelectric response was observed for bacteriorhodopsin-based 
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optoelectronic membrane sensors, suggesting the feasibility of such a bacteriorhodopsin-

based artificial retina or volumetric optical storage device. 

 

11. Nanotechnology in regenerative ophthalmology 

Regenerative medicine is the branch of medicine that deals with repairing or replacing 

tissues and organs by using advanced materials and methodologies and in recent years is 

gaining momentum. In the ophthalmology field, various types of allogenic and autologous 

stem cells have been investigated to treat some ocular diseases due to age-related 

macular degeneration, glaucoma, retinitis pigmentosa, diabetic retinopathy, and corneal 

and lens traumas. Nanotechnology is serving as a catalyst. 

Different types of nanoscaffolds including electrospun nanofibers, self-assembled 

peptide nanofibers and nanotopographies have been designed and investigated for 

retinal [280, 281], corneal [282, 283], and lens [284, 285] tissue regeneration. Generally, 

unlike traditional scaffolds, nanoscaffolds provide highly porous 3D frameworks that 

facilitate oxygen and nutrient transport and cellular waste removal and promote cellular 

attachment, proliferation and differentiation. By modifying their content including 

surface coating and geometry including nanofiber length, diameter, arrangement and 

alignment, nanoscaffolds can be engineered to have appropriate chemical, physical, 

biological and mechanical properties mimicking the natural retinal and corneal 

microenvironments for ocular and stem cell growth and differentiation to regenerate 

ocular tissues. Usually, natural polymers including self-assembled peptides are more 

suitable for promoting cell attachment and biological activity by closely imitating the 

native extracellular matrix than synthetic polymers. However, they have less mechanical 

strength and shorter half-life than synthetic polymers. As a result, a combination of 

natural and synthetic polymers has been used to form transparent and biocompatible 

corneal nanoscaffolds and biomimetic retinal nanoscaffolds. 

The eyes are special sites where foreign antigens are tolerated instead of rejected, 

making it a great place for taking advantage of gene therapy. The other advantage for 

gene therapy for the eye is that the eye is a closed organ with limited space. This would 

limit the local delivered drug diffusing into the body blood circulation because of the 

physical barrier structures. Therefore, more and more experiments with NP gene therapy 
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 focusing on treating eye diseases are conducted. Non-viral gene nanocarriers, including 

lipoplexes, polyplexes, mesoporous NPs, organic-inorganic hybrid nanocarriers, 

NanoScripts, self-assembled DNA nanostructures and magnetic NPs, are emerging as 

promising tools for cell reprogramming for ocular tissue regeneration. They were utilized 

to deliver pluripotency genes including Oct3/OCT4, SOX2, KLF4 and c-Myc or OCT4, SOX2, 

Nanog and Lin14 that reprogram specialized cells into induced pluripotent stem cells 

(IPSCs). They have also been used to deliver genes that initiate or enhance differentiation 

of embryonic stem cells (ESCs) and IPSCs into specialized ocular cells including RPE cells 

and photoreceptors. In addition, nanocarriers have also been investigated as delivery 

devices for delivering specific genes including p53 gene, Otx2, Crx and Nrl expressing 

genes, or CHX10VP16, OTX2, and CRX to non-neuronal retina cells, mainly Müller glia cells 

and stem cells located in the ciliary margin of the eye, and reprograming them into 

photoreceptors and retinal ganglion cells. If this approach is successful, the impact will be 

significant, because it will allow utilization of intrinsic cells for retinal tissue regeneration 

and stop the progression of some hereditary ocular degenerative diseases. Therefore, 

continuous efforts should be devoted to optimize nanotechnology to reprogram somatic 

cells into IPSCs and stem cells that can be differentiated into specialized ocular cell 

lineages for successful ocular tissue regeneration. 

 

 

Figure 16: Schematic representations of nanoscaffolds including electrospun nanofibers, self-assembled 
peptides and nanotopographies used for ocular regeneration (Sahle FF et al., Adv.Drug Delivery Reviews, 
2019; 148: 290–307). 

 

During the past 10 years, nanotechnology has been used to control release of 

cytokines and immunosuppressants to prevent corneal tissue rejection and increase 

corneal graft survival rate. In the future, deeper studies of the effects of the size, shape, 

surface feature and elastic property of NPs on the phagocytic clearance of the NPs in the 
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eye are expected. Combination of nanotechnology and immunoengineering to modulate 

both innate and adaptive immune systems to promote a pro-regenerative 

microenvironment at the defect/injury site will be critical for ocular healing and 

regeneration. 

The trabecular meshwork (TMS) is the primary drainage mechanism for aqueous 

humor and therefore the main structure controlling IOP. Gene therapy is one of the 

suggested treatment strategies for TMS-focused treatments. In recent years, the 

generation of recombinant adenoviral (Ad) vectors has made gene transduction possible 

for this tissue [286]. The Ad vector carrying the dominant-negative RhoA gene was 

successful in inactivating RhoA and reducing IOP in organ cultures. Cell-based 

regeneration of TMS tissue can also be considered as a treatment strategy because of the 

disease-related decrease of TMS cells. In this regard, TMS stem cells have been 

investigated in terms of their localization into the TMS and differentiation into functional 

TMS cells [287] Whole tissue regeneration should also be considered as a future 

treatment strategy. Thereby, TMS could be replaced with regenerative tissue before 

trabeculectomy where all structural changes could be reversed and postoperative 

complications due to TMS opening could be overcome. 

Moreover, artificial TMS tissues form a suitable base for testing biomechanical 

functions of tissue and the effect of various therapeutic agents. The first attempt in that 

regard was the construction of micropatterned porous SU-8 scaffolds [288]. 

Successful ocular tissue engineering and regeneration research and application need 

an appropriate method to track the proliferation and migration of transplanted cells in 

vivo. Different NPs such as magnetic and GNPs and Qdots have been used as cell-tagging 

agents for repeated or continuous tracking of cells in vivo in combination with magnetic 

resonance imaging (MRI), photoacoustic imaging, and optical imaging, respectively. In this 

process, nanomaterials that can be imaged are first incorporated into stem cells by 

endocytosis. Afterwards, the nanomaterials-containing stemcells are implanted at the 

target site and their migration and differentiation are monitored using the corresponding 

scanning device. However, the studies of nanomaterials as tagging agents for tracking 

cells in the eye are scarce and limited to the toxicity of SPIONs and gold NPs to rabbit 

corneal endothelial cells and MSCs, respectively, and tracking MSCs in the subretinal layer 
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of the rat's eye. More development of nanotechnology for live cell imaging and tracking 

for disease diagnosis and tissue regeneration in the eye is expected in the future. 

Nanotechnology has been revolutionizing tissue regeneration to restore function of 

diseased, damaged and aged tissues in the eye. However, the research in nanotechnology 

for regenerative ophthalmology is still at its early stage, and there are very limited 

numbers of in vivo experiments and to date, based on reports on clinicaltrial.gov, no 

clinical trial has been reported in this area. 

 

12. Nanotoxicity  

Nanotechnology has been a rapidly expanding field and is continuously being explored 

in the field of pharmaceutical and biotechnology sciences to achieve the desired product 

or therapeutic outcomes. Nanotoxicology is a branch of nanoscience that deals with the 

safety and toxicity issues of nanomaterials and evaluating their interactions with 

biological systems. 

The nanotechnology industry is a rapidly emerging industry generating numerous 

engineered nanomaterials that are incorporated into medical, cosmetic and consumer 

products. So far (2016) [289] more than 3000 nanomaterials have been used in 

pharmaceutical companies, but toxicity data are sparse [290]. 

Nanomaterials can exhibit altered physical or chemical properties or biological effects 

(dimension-dependent properties or phenomena) in comparison to their corresponding 

large-scale materials with the same chemical composition. It is necessary to assess the 

toxicity of nanomaterials even though the utilized/matrix is considered safe in its bulk 

form. Each class of nanoparticles is unique, and “FDA believes that evaluations of safety, 

effectiveness, public health impact, or regulatory status of nanotechnology products 

should consider any unique properties and behaviors that the application of 

nanotechnology may impart” [291, 292]. There are three major considerations related to 

the products based on nanotechnology, which includes characterization, safety, and 

environmental impact. Various essential parameters that need to be considered during 

the characterization of NPs are: critical physical and chemical properties and their impact 

on quality and performance of the product, reliable and reproducible in vitro and in vivo 

characterization tools or techniques and their sensitivity, short/longterm stability issues 

in various environments, critical quality attributes, critical processing variables, overall 
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chemistry, manufacturing, and controls (CMC), and the forms in which they were 

presented to the host [293]. 

The important parameters that need to be considered for evaluating the in vivo safety 

of NPs are: tissue penetration/distribution and pharmacokinetic parameters (ADME 

profile) of the nanomaterials compared to their large-scale counterparts, tissue retention, 

transient and/or permanent bioeffects in vivo, clearance mechanisms, and potential 

variation in effects in different tissues. The major parameters that need to be considered 

for assessing the environmental impact of the nanomaterials are: potential implications 

of the releasing of these materials into the environment post use, and methodologies to 

detect and quantify the environmental effects. In June 2014, FDA released the final 

guidance for industry related to nanomaterials – “Considering Whether an FDA-Regulated 

Product Involves the Application of Nanotechnology” [292]. Currently, FDA addresses the 

issues related to the safety, effectiveness, and public health impact of nanotechnology 

products on a case by case basis, and advises industry to consult with the agency in the 

early development process [292]. Therefore, any entity that plans to develop a 

nanoparticle product for ophthalmic applications should follow the FDA guidelines and 

communicate with FDA as early as possible when it is feasible to learn the regulatory 

requirements and implement appropriate steps for bringing the product into the market. 

The toxicity of NPs in ocular tissues can be influenced by many factors, including, but 

not limited to the solubility, dose, size, shape, surface charge and chemical groups, time 

of assessment, and the biodistribution pattern of the particles in the eye. Size and 

concentration of NPs have been suggested as the most important factors in determining 

the toxicological effects of NPs on the nervous system. Investigating microglial responses, 

for example, it has been shown that larger silica NPs (200 nm) would not cause any 

cytotoxicity even at relatively high concentrations (292 μg/mL), while smaller NPs (50 nm) 

would increase cell death in a dose-dependent manner [293]. The similar response was 

observed is a case of copper NPs, where 40 nm NPs exerted the maximum toxic effect 

when compared with 60 and 80 nm NPs. The antigenicity of NPs, however, is assumed to 

depend on particle size, in which small-sized NPs (25 nm or smaller) that can improve 

lymphatic uptake and may have a surface charge are more probable to be antigenic 

compared to bigger NPs. In another study, compared to micro-sized particles, NPs 

expressed more cytotoxicity and necrosis induction in human skin organ cultures [294]. 
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These data might originate from the fact that smaller NPs have larger surface area per 

unit mass, thereby be able to interact with surrounding structures more efficiently, 

simultaneously demonstrating higher toxicity. However, some NPs show their toxicity 

independent from casual size-dependent manners. For instance, using 10, 30, 60, and 200 

nm sized zinc oxide (ZnO), these NPs have been suggested to manifest their toxicity on 

neural stem cells merely based on their concentration rather than their size. 

Charge and coating can also play important roles regarding the effects of the surface 

chemistry of NPs on their toxicity and the integrity of BRB. Thanks to the slightly 

negatively charged intercellular membranes, positively charged NPs are more likely to 

have higher cellular uptake and biointeractions with cellular structures, which may be 

accompanied with more impairments in the membrane function and faster clearance 

from biological systems. In cellular viability, hemolysis, and bacterial viability assays, 

anionic gold NPs demonstrated less toxicity than cationic ones. Some evidence shows that 

time might be another important factor in neuronal toxicity. 

Increased biodistribution and prolonged bioavailability of NPs in the retina and the 

brain may cause more toxicity. The delivery of genes or drugs to the eye for therapeutic 

purposes by intravitreal injection requires fewer dose units in comparison to systemic 

route and thus could compromise the toxicity of injected NPs to other organs. Taken 

together, the best option to help decrease the toxicity of NPs is to put more emphasis on 

the design of the NP chemistry, size, and surface modification. Therefore, once NPs are 

considered as therapeutic agents, their size and concentration should be carefully 

determined to effectively maximize bioavailability and minimize the possible toxicity of 

these two-edged sword particles. 

Biodegradable polyesters (e.g., PLGA, PLA) have been depicted as safe polymers for 

drug delivery. After being injected into the eye, PLGA undergoes degradation and forms 

lactic acid and glycolic acid, and eventually gets removed from the body via the Krebs 

cycle by conversion to carbon dioxide and water. PLGA has been applied to deliver 

dexamethasone (Ozurdex® implant) for the treatment of DME, noninfectious posterior 

uveitis and wet AMD. It has been observed that PLGA implant materials at some rare 

cases could remain after the complete release of drugs in patient eyes [86], which poses 

the concerns of potential material buildup, especially for repeated dosing. Many other 

factors also need to be addressed in detail, including the polymer purity, NP 
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manufacturing technology, solvent residue, potential local acidic environment during 

polymer degradation, material buildup in the eye after repeated dosing, foreign-body 

reactions and the potential snowball effects in the vitreous to disturb the visual axis. 

Success in the translation of nanomedicine would require a careful risk/benefit analysis, 

which is often skewed toward risk when it comes to novel therapeutics. 

The selection of a suitable animal model in assessment of ocular toxicity of the 

nanomaterials and the product is important for the development of safe and effective 

ocular formulations. The rabbit eye is more sensitive and susceptible to irritant 

nanomaterials than the human eye and is considered to be a suitable model. Toxicity of 

the nanomaterials-based ophthalmic formulation can be best evaluated by corneal 

opacity, eye irritation (Draize eye test), hypersensitivity, LVET, and ocular and non-ocular 

organotypic methods. The corneal opacity test is generally performed on the cornea of 

rabbits and it is most widely used in the assessment of corneal toxicity. A comprehensive 

review on current techniques for ocular toxicity was presented by Wilson et al. [295]. 

 

13. Obstacles need to be overcome   

In all circumstances, prior to translation of nanomedicines and nanosystems for 

treatment and management of ocular diseases, a number of obstacles need to be 

overcome. It is believed that the following aspects need to be addressed in future [15]. 

Persistence of NPs despite immune surveillance: the biodistribution of NPs and their 

persistence in tissues and organs is still not well known. The major obstacle is trying to 

locate and visualize suboptical NPs in large areas of tissues—an extremely difficult task 

and a variation of the proverbial problem of finding the needle in the haystack. The 

ultimate confirmation of NP presence in organs and tissues is transmission electron 

microscopy, but it is impossible to scan large areas to find out where to look at this 

suboptical level. 

Safe manufacturing techniques: safe bionanomanufacturing is still a largely unexplored 

area since it requires not only the clean-room processes similar to that of the 

manufacture of semiconductor devices, but also makes extreme demands on the 

manufacturing of biological components and their attachment to the NPs. 

Cell-by-cell dose delivery and control: as described earlier, delivery of a precise amount 
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 of drug to individual cells in vivo is an extremely difficult task. One way of approaching 

this problem namely in situ production of therapeutic genes under the control of 

molecular biosensors that can regulate the amount of drug per cell according to what is 

needed as detected in a feedback loop with an upstream molecular biosensor. 

Unintended biological consequences: the biggest advantage of nanomedical 

approaches is that one can at least minimize unintended biological consequences by using 

highly targeted nano drug delivery systems. 

Use of appropriate experimental models: murine, rats, rabbits are widely used as 

experimental eye models. In nano-levels some variations compare to human eye (e.g. 

tissue behavior, tear fluid production and turnover) are of paramount importance in 

order to extract safe conclusions. Hence it has to be invented an experimental eye model 

(ex or in vivo) more compatible with human eye anatomy and physiology. 

NPs aggregation:  It is routine for several investigators to report a presumptive particle 

size for various NPs based on their molecular size or based on electron microscopy 

measurements. While these measures sometimes tend to be of a very small dimension 

less than 100 nm, there is evidence that, even such small materials tend to form lose 

aggregates in aqueous media, with measured dimensions larger than 100 nm. Thus, the 

aqueous environment dramatically influences the size of particles. Further, NPs can grow 

in size during storage. Future studies will understand the fundamentals of NPs 

aggregation and devise approaches to minimize such aggregation in aqueous and 

biological media as well as the shelf. Once a NP is administered into a tissue, the particles 

can interact with each other, forming larger aggregates. NPs administered in the 

periocular space, when retained over a few hours, tend to aggregate. Such aggregates 

form implant like structures which can persist for prolonged periods. Future studies will 

investigate the influence of vitreous humor, aqueous humor, blood, and other tissues on 

the properties of NPs. 

A major but essential barrier to the translation of nanomedicines [296] is regulatory 

approval, largely led in North America by the United States FDA. Nanomedicines present 

challenges for the FDA, because any single “nanomedicine” may contain many distinct 

biologically active compounds, each with its own characteristics and composing an 

entirely distinct compound with its own properties. Nanoscale multifunctionality 

maximizes the regulatory barriers presented to nanomedicine translation. Each added 
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component to the nanoformulation requires its own individual justification and testing 

(possibly including clinical trials), particularly if the components are compounds not 

previously approved; ultimately, the complete particle requires the same. Thus, a 

nanomedicine containing three novel components requires preclinical and clinical 

evidence for each component, with an additional trial for the complete nanomedicine 

before approval is granted. 

In addition, typical modern multifunctional nanomedicines with “targeting” functions 

are considered as being at “high risk to exhibit clinically significant changes in exposure, 

safety, and/or effectiveness relative to the referenced product”, even in cases where the 

individual components are previously approved and are subject to greater regulatory 

scrutiny. Greater scrutiny is also placed on the nanomedicine for each additional claimed 

clinical target (e.g., each diagnostic or therapeutic application), each of which require 

individual evidence of efficacy. These regulatory barriers bring with them increased cost 

and time spent in the regulatory phase, thereby presenting additional barriers to clinical 

translation. Abraxane™ is a good example of this notion, as it made a small modification 

to paclitaxel (a known oncologic drug) by conjugating it to albumin, two approved drugs, 

to make a third drug that required only the further testing that would be required by any 

new drug requesting regulatory approval. Thus, multifunctionality should be balanced 

carefully against the ultimate clinical function each element will contribute. 

The goal of nanomedicine design should be to create a tailored solution to address a 

specific clinical problem optimally and to change clinical practice. Rather than designing a 

NP with multiple functions and struggling to adapt those functions to clinical use, 

clinicians should be involved in the development at early stages to ensure that 

nanomedicines are designed as solutions to identifiable problems. 

 

14. Future perspectives 

Nanomedicine is a promising platform for ocular disease treatment; but it is still 

challenging for translation from the bench into clinical products. There are several aspects 

associated with nanomedicine development: to prepare uniform NPs with reproducible 

characteristics on a large scale and control potential toxicity and safety issues associated 

with ocular nanomedicine. 
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During future NP development, several key areas of study need to be addressed, 

including active targeting, pharmacokinetic/pharmacodynamics (PK/PD), safety and 

toxicology, stability, and production scale-up. Active targeting based on the binding 

affinity between a targeting ligand attached on the NP surface and the targeted units of 

diseased tissue (receptors/antigens) has been considered as an effective approach for 

improving the efficacy of NP-based delivery systems. Since NPs can offer many reactive 

functional groups, active targeting to specific tissues in the anterior eye segment is 

expected to be developed by conjugating targeting moieties onto the NP surface in the 

near future. However, as the active targeting is a complex process, the following factors 

need to be considered thoroughly during the NP development for active targeting: 

targeted unit localization and expression in the diseased site, targeting ligand selection, 

conjugation chemistry, ligand density, NP size and architecture, accessibility of the NPs to 

the target site, non-specific binding, and in vivo stability of the ligand-conjugated NPs. 

 As NPs can alter the PK/PD properties of a free drug and subsequently the 

therapeutic effect and toxicity of the drug, there is an unmet need to critically assess the 

PK and local and systemic biodistribution of the NPs after administration into the eye. It is 

also in need to study how ocular diseases affect anterior and posterior segment 

nanodelivery. In addition to the PK/PD studies, more focused emphasis should be given to 

study the acute and long-term toxicity of the NPs and the ultimate fate of the NPs or their 

degradants after the release of the drug at the intended site. More deeply, it is important 

to understand and measure the effects of nanoparticulate parameters (size, charge, 

architecture, surface chemistry, active targeting) on the in vivo fate including clearance, 

and the long-term toxicity of the NPs. Future studies can also be performed in evaluating 

the specific interactions of the NPs with cells, tissues and/or human organs, and the 

mechanisms for the enhancement of drug bioavailability in the eye. 

Physical and chemical stability is another key aspect that needs to be considered 

during the pharmaceutical development of drug nanoparticulate systems to ensure the 

safety, efficacy, and quality of the products. Currently, there are scarce studies about the 

stability of NPs for ocular applications. In the future development, the physical, chemical, 

biological, and microbiological stability of NPs should be evaluated according to 

regulatory guidelines. Most of the reported methods for fabricating NPs for ocular 

applications are at lab scale and not suitable for industry mass production. In the future, 
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cost-effective technology needs to be developed to scale up NPs production for clinical 

translation. During scale up, special consideration should also be given to the techniques 

for sterilizing the NPs such as aseptic processing/sterile filtration or terminal sterilization 

by autoclaving. Besides the above discussed key areas of future studies, the evaluation of 

the environmental impacts of the nanomaterials needs to be carried out in the future. 

With the further development of NPs for drug delivery and other treatments for ocular 

diseases, appropriately designed clinical trials for the NP systems are expected to be 

conducted in the future. 

In the near future nanomedicine is expected to contribute significantly to 

personalized medicine. Personalized medicine includes tailoring of disease treatment to 

the individual person based on that person's genetics or severity of disease to achieve 

better patient outcomes and is an emerging and growing field within ophthalmology. The 

use of nanotechnology can allow for personalization of therapeutics and optimization of 

drug dosages for a more precise and efficient treatment of ophthalmic diseases. 

Fortunately the multifunctional potential of nanomedicines makes them ideal to fill this 

clinical niche. To date, most studies have focused on the use of nanotechnology in the 

sustained release of drugs to treat ophthalmic conditions in a personalized manner. In the 

future, nanotechnology is expected to be applied to personalize regenerative medicine 

using human stem cells from the same patient and delivering therapeutics to maintain a 

healthy environment for stem cells to grow and mature in the location of disease, such as 

using plasma rich in growth factors from the same patient. 

 

15. Conclusions  

Nanotechnology involves the creation and use of materials and devices at the size 

scale of intracellular structures and molecules and involves systems and constructs on the 

order of 100 nm. Nanomedicine involves the comprehensive monitoring, control, 

construction, repair, defense, and improvement of human biological systems at the 

molecular level, using engineered nanodevices and nanostructures, operating massively 

in parallel at the single cell level, ultimately to achieve medical benefit. Individual atoms 

and molecules can be manipulated to form microscopic tubes, spheres, wires, and films 

for specific tasks, such as generating electricity or transporting drugs in the body. The 
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incorporation of nanotechnology in clinical medicine is a translational research endeavor. 

The earliest impact of nanomedicine is likely to involve the areas of biopharmaceuticals 

(eg, drug delivery, drug discovery), implantable materials (eg, tissue regeneration 

scaffolds, bioresorbable materials), implantable devices (eg, intraocular pressure 

monitors, glaucoma drainage valves), and diagnostic tools (eg, genetic testing, imaging, 

intraocular pressure monitoring). Nanotechnology will bring about the development of 

regenerative medicine (i.e., replacement and improvement of cells, tissues, and organs), 

ultrahigh-resolution in vivo imaging, microsensors and feedback devices, and artificial 

vision. The examples of nanotechnology in ophthalmology cited in this perspective 

demonstrate that nanotechnology will play an important role in both early and late-stage 

intervention in the management of blinding diseases. “Regenerative nanomedicine,” a 

new subfield of nanomedicine, uses NPs containing gene transcription factors and other 

modulating molecules that allow the reprogramming of cells in vivo. Nanotechnology 

already has been applied to the measurement and treatment of different disease states in 

ophthalmology, and many additional innovations will occur during the next decades. 
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