
Pages: 1-11Int J Nanotechnol Nanomater Res, Volume 5:1

*Correspondence to: Koyi Amulya and Pankaj Saini, Alluri Sita Ramaraju Academy of Medical Sciences, Eluru, Andhra Pradesh, India and Kempegowda Institute of 
Medical Science, Bengaluru, Karnataka, India. 

Citation: Amulya K, Saini P, Pampana K (2024) The New Frontiers of Ocular Nanomedicine. Nanotechnol Nanomater Res, Volume 5:1. 125. DOI: https://doi.
org/10.47275/5/2692-885X-125

Received: June 11, 2024; Accepted: August 16, 2024; Published: August 21, 2024

Introduction
Worldwide, nearly 260 million people are suffering from various 

ocular disorders that could impair vision and eventually lead to 
blindness, according to investigations conducted by the World 
Health Organization (WHO) [1]. Over the past decade, numerous 
preclinical and clinical studies have been conducted on therapeutics 
for ophthalmic disorders such as diabetic retinopathy, age-related 
macular degeneration (AMD), glaucoma, cataracts, and uveitis. 
The advancement of ophthalmic pathological mechanisms and the 
management of eye diseases has been a significant accomplishment in 
the past few decades. Although these diseases pose many challenges 
because of the unique anatomical and physiological characteristics of 
the eye. It is rare for common therapeutic approaches to fully restore 
vision loss or to diagnose severe ophthalmic disorders in their early 
stages [2]. Therefore, eye diseases have received much attention due to 
improved diagnostic and therapeutic methods. A current hot topic and 
high potential technology, nanotechnology has a significant impact on 
engineering, chemistry, medicine, and biology. Recent years have seen 
considerable research attention devoted to this technology. Materials 
with nanometer-sized properties are studied in nanoscience [3]. At least 
one dimension of a nanomaterial must be measured in nanometers 
for it to be considered nanotechnology. Mechanically, electrically, 
optically, magnetically, and chemically, certain nanoscale materials 
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exhibit superior characteristics. Drugs and drug delivery systems can 
be improved by utilizing these properties [4]. Likewise, nanotechnology 
has made rapid progress in diagnosing and treating ocular disorders. 
Dexamethasone, for example, is widely used as a biopharmaceutical 
that inhibits ocular inflammation and bacterial infections. As a result 
of the presence of ocular barriers, intrinsic deficiencies in the delivery 
of drugs by eye drops or intravitreal administration, such as poor 
permeation, insufficient distribution, and insufficient bioavailability, 
limit their clinical performance.  Furthermore, recombinant proteins 
and peptides, especially anti-vascular endothelial growth factor 
(VEGF) agents (e.g., ranibizumab and aflibercept), minimize drug-
drug interactions and are frequently recommended to treat neovascular 
fundus diseases [5]. Despite their hydrophilicity and high molecular 
weight, these agents cannot penetrate complex tissue barriers and cell 
membranes, requiring intravitreal administration. Furthermore, their 
rapid physical and chemical degradation raises significant challenges in 
long-term therapeutic effectiveness, necessitating repeated intravitreal 
interventions that can lead to intraocular bleeding, infection, and 
discomfort, which leads to poor patient compliance [6]. As a result, 
vision recovery may not be satisfactory when available therapeutic 
strategies are unable to image and diagnose ocular diseases early 
and accurately monitor their results post-administration. The need 
to explore safer and more efficient alternatives to combat eye-related 
diseases is urgent [7].
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Abstract
In terms of the various types of drug delivery systems available, ocular drug delivery presents one of the greatest challenges. Although we have appropriate drugs 

to treat ophthalmic diseases, we have not yet succeeded in achieving a drug delivery approach with the least adverse effects. In addition to low therapeutic effects and 
side effects from invasive surgery or systemic exposure, nanotechnology offers great potential to overcome the limitations of common ocular delivery systems. Using 
nano-based technologies for ocular disease diagnosis and treatment, the present review highlights and updates recent achievements. There are still several steps left to 
be taken before new and useful ocular nanomedicines can be developed. Often, inherent shortcomings associated with conventional therapeutic strategies compromise 
treatment efficacy in clinical ophthalmology, prompting the rapid development of flexible alternatives for satisfactory diagnostics and therapeutics. Nanotechnology, 
material science, and nano chemistry have led to the development of a wide variety of functional nanosystems to satisfy the extensive requirements of ophthalmology. 
A comprehensive review of recent nanosystem developments in ophthalmology, including conventional and emerging nanomaterials, is presented in the present 
article, and their fundamental physicochemical properties are explored in terms of bioavailability, tissue penetration, biodistribution, and elimination in interactions 
with the ophthalmologic microenvironment. Furthermore, along with the development of surface engineering of nanomaterials, emerging theranostic methodologies 
are promoted as potential alternatives for multipurpose ocular applications, such as emerging biomimetic ophthalmology, thus provoking a holistic approach in ocular 
nanomedicine. By affording insight into challenges encountered by ocular nanomedicine and further highlighting the direction of future studies, this review provides 
an incentive for enriching ocular nanomedicine‐based fundamental research and future clinical translation.
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we discuss various ocular nanomedicines with different compositions, 
structures, and properties, as well as their merits and shortcomings [16-
18].

Lipid‐based nanoparticles

The formulation of lipid-based nanoparticles can be performed 
using liposomes, solid lipid nanoparticles (SLNs), and nanostructured 
lipid carriers. As non-covalent aggregates consisting of phospholipid 
bilayer membranes, liposomes encapsulate hydrophilic and/or 
lipophilic biopharmaceuticals.  A wide range of liposomes have been 
developed for topical application to the anterior eye segment [19]. 
Consequently, cationic liposomes form ionic interactions with the 
cornea, allowing for high corneal drug absorption, low toxicity, and 
low antigenicity.  Despite this, drug delivery into the posterior eye 
segment, especially the retina, remains a challenge due to complex 
ocular barriers. By using time- and site-specific drug delivery into 
intraocular tissues, light-activated liposomes have improved cellular 
localization retinal distribution. Further, liposomal nanoparticles could 
offer targeted protection against ocular diseases by targeting specific 
signaling molecules (e.g., disease drivers common to different retinal 
diseases) or by engineering specific antibodies to target unhealthy 
tissues’ pathophysiological niches [20].  The fluorescent dipalmitoyl 
phosphatidylcholine-cholesterol liposomal nanoparticles were then 
developed by previous researchers. Inflammatory vasculature was 
targeted by intensively functionalizing the liposomal surface with a 
monoclonal antibody against intercellular adhesion molecule 1.  It 
has been verified that biocompatible liposomes can deliver different 
drugs for the treatment of several ocular diseases, including glaucoma, 
retinoblastoma (RB), and metastatic malignant uveal melanoma. There 
are, however, a number of potential shortcomings associated with 
liposomes, including formation of lipid crystals, gelation tendency, 
burst release of cargo in vivo, and oxidation of liposome phospholipids 
[21]. These shortcomings may result in low shelf-life stability, 
insufficient drug loading, poor batch-to-batch reproducibility, and high 
manufacturing costs in the future.

Dendrimers

Unlike linear polymers, dendrimers with branched and layered 
tree‐like topologies can be divided into several generations depending 
on the number of branches and functional groups at the terminal 

The rapid advancement of material science, nanochemistry, and 
nanobiotechnology has led to the development of safer and more effec-
tive ocular nanomedicines. A number of nanomaterials are remarkably 
different from bulky counterparts, and they have been shown to have 
a significant impact on bioavailability, medical diagnostics, and ocu-
lar disease treatment [8]. The ability of nanomedicine to deliver drugs, 
genes, and cells has played a significant role in its success in ophthal-
mology [9]. To promote biostability and bioavailability in pathological 
regions, nanomedicine can be elaborately engineered based on concrete 
biological scenarios (physicochemical cues, location, and immunolog-
ic environment). It is reported that metal nanoparticles such as silver 
nanoparticles have intrinsic anti-inflammatory, antibacterial, and anti-
angiogenic properties that improve therapeutic efficacy in related ocu-
lar diseases. Emerging quantum dots (QDs) have been extensively used 
as ocular delivery carriers, expanding the encapsulated space and im-
proving the bioavailability of ocular targeted drugs/molecules from tra-
ditional liposomes and polymers [10, 11]. Nanomedicine is also capable 
of permeating complex ocular barriers, especially the corneal-retinal 
barrier and the blood-retinal barrier (BRB), with minimal unwanted 
systematic or ocular side effects. Additionally, some engineered “smart” 
biomaterials, such as mesoporous silica nanoparticles (MSNs) with 
unique electronic, optical, and catalytic physiochemical properties, may 
trigger controlled drug release by responding to exogenous physical ir-
radiation (e.g., light and ultrasound) or endogenous biological stimuli 
(such as pH and redox). In addition, a large number of nanomaterials 
that have been effective in sensing, imaging, and labeling biomarkers 
involved in eye-related diseases have been hailed both as revolutionary 
and evolutionary.  For instance, nanomaterials, particularly inorganic 
nanoparticles, ranging in size from 1 to 100 nm, are comparable in size 
to peptide drugs and various cellular compartments (e.g., mitochon-
dria), with a large surface area and high intracellular biodistribution, 
making them suitable for in vivo imaging, biosensing, and non‐invasive 
tracking [2, 12]. Ocular fluorophores used in ophthalmology under vis-
ible light irradiation may lead to ocular autofluorescence, which reduc-
es image contrast. Multifunctional nanomaterials such as upconversion 
nanoparticles and QDs enable fluorescence imaging under visible and 
near-infrared light emissions without causing ocular autofluorescence.

This review examines state-of-the-art literature primarily reported 
updates the last ten years to provide a holistic overview of nanomedi-
cine used in ophthalmology [13]. Consequently, we explored the recent 
progress in ocular nanomedicines based on conventional biomaterials. 
Additionally, efforts have been made to demonstrate their fundamen-
tal physicochemical properties, including size, surface charge, hydro-
philicity, hydrophobicity, and biodegradability, which are strongly re-
lated to therapeutic effectiveness in the ocular biological/pathological 
milieu [14]. Finally, inspired by current trends and therapeutic concepts 
mentioned several other authors we presented diagnosis and treatment 
challenges encountered in ocular nanomedicine and their correspond-
ing directions, such as the development of non-invasive intraocular 
penetrable nanomaterials and nanomaterials that can be retrieved and 
recycled [15]. Nanomedicine in ocular disease management is expect-
ed to play a significant role in ocular disease management, based on 
advanced concepts and improved theranostic performance (Figure 1).

Structures/Compositions of Ocular Nanomedicine
Due to their diverse structures and compositions, nanomaterials 

have been used in a wide range of nanomedical applications. As part 
of ocular nanomedicine, synthetic organic nanomaterials include 
lipid nanoparticles, dendrimers, polymeric micelles, polyesters, and 
natural biopolymers, as well as inorganic nanomaterials (such as metals 
(oxides), QDs, carbonous and silica nanoparticles (SiNPs) and purified 
biomolecules (such as exosomes). Using recent representative studies, 

Figure 1: Treatment of glaucoma using nanomedicine [3].
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some important implications for the development of future ophthalmic 
nanoformulations [30]. It is interesting to note that small molecules like 
cyclosporine A have been developed into nanomicelles and extensively 
studied in clinical trials for effective control of dry eyes, further 
suggesting an enormous market for nanomicellar‐based products in 
ocular nanomedicine. However, considerable efforts should be made to 
overcome the limitations of self‐assembled polymeric micelles before 
extensive application in ophthalmology, including the lack of potential 
and appropriate utilization in gene delivery, limited entrapment of 
macromolecule agents, and insufficient scale-up methods [31-33].

Inorganic nanomaterials

Despite their biocompatibility in ophthalmology applications, 
organic nanosystems have relatively low chemical and thermal stability. 
Conversely, an array of rapidly developing inorganic nanoparticles, 
including metal nanoparticles, metal oxides, semiconductive QDs, 
graphene oxide, and SiNPs, exhibit unique intrinsic properties, including 
high physiological stability, tunable morphology and structure, and 
easy functionalization. The scientific community has been interested 
in these inorganic nanoparticles for expanding ophthalmological 
applications, especially in wearable digital vision systems [2, 34]. As 
a distinctive nanocarbon, 2D structural graphene and its derivatives 
with a thickness of one atomic layer graphene have also been used as 
multifunctional platforms for ocular applications, such as implantable 
optoelectronic devices for retinal stimulation and optical sensing. On 
account of outstanding electrical properties, graphene‐coated contact 
lens platform enhanced dehydration protection by monitoring the 
changed water evaporation rate, and further protected eyes from the 
damage of electromagnetic waves through dissipating electromagnetic 
waves in thermal radiation [35]. There have been significant limitations 
to the clinical implementation of graphene-based biomaterials due to 
their potential toxicity, relatively low water solubility, and unsatisfactory 
distribution, absorption, and targeting. In ophthalmology, MSN-based 
nanosystems showed sustained effects on suppressing corneal and 
retinal neovascularization by prolonging drug residency in aqueous/
vitreous humor and maintaining a long-lasting drug concentration as 
a representative of the mesoporous family.  Furthermore, MSNs can 
conjugate with a variety of targeted motifs to enhance biocompatibility 
and targeted effects [36].  However, their biodegradability in a more 
reliable and safer manner should be reconsidered for further ocular 
applications since their retention in the human body may result 
in cellular toxicity and long-term health consequences. Inorganic 
nanosystems possess unique physiochemical properties, particularly 
their electronic, optical, acoustic, catalytic, and paramagnetic properties, 
enabling the development of advanced theranostic nanoplatforms 
for ocular photothermal therapy, photodynamic therapy, computed 
tomography imaging, and magnetic resonance imaging [37]. Identifying 
these optimal functionalization’s of inorganic nanosystems for ocular 
theranostics is of huge significance and will occupy a unique place in 
the field of ocular nanomedicine [38].

Fundamental Physicochemical Properties of Ocular 
Nanomedicine

Ophthalmology has demonstrated an array of nanoplatforms 
with diverse compositions and nanostructures, enabled by the 
unparalleled feasibility and superiority of nanotechnology. A consistent 
theme in theranostics relating to eye diseases is determining how 
physicochemical properties and physiological effects of ocular 
nanomedicine affect interactions with the surrounding environment 
[39]. The differential fundamental physicochemical properties of 
ocular nanomedicines could significantly influence their bioavailability, 
penetration, biodistribution, and elimination in targeted ocular cells/

surface [22]. During dendrimer synthesis, these versatile topologies 
allow for excellent control over dispersity, stability, size, molecular 
weight, distribution, and biological activity. Multivalent dendrimers 
enable higher payloads of small biological molecules, biocompatible 
pharmaceuticals, and imaging agents.  As of now, poly(amidoamine)-
derived dendrimers are the most commonly applied and commercially 
available systems for ocular applications, conferring enhanced 
drug bioavailability, tolerability, and biological response, as well 
as decreasing drug clearance from the body after subconjunctival 
injection. Dendrimer‐based vehicles also exhibit powerful intrinsic 
anti‐inflammatory and antioxidant activities in inflamed regions, which 
could effectively deliver therapeutic substrates to the inflamed ocular 
tissue for improved therapeutic outcomes [23, 24]. Nonetheless, several 
underlying disadvantages of dendrimers in terms of toxicological 
issues, complex multistep synthesis, inadequate evaluations of in vivo 
quality control, and high cost of preparation significantly prohibit the 
progression and advancement of dendrimers from laboratory to clinic 
settings.

Polyester nanoparticles

It has been demonstrated that polyester nanoparticles are relatively 
stable in vivo, tunable, and reproducible and can be used to address 
a wide range of medical challenges. In ophthalmology, extensively 
available polyesters, exhibiting highly favorable biocompatibility 
and biodegradability, have been extensively employed to synthesize 
nanoparticles, tissue‐engineered implants, and surgical sutures. PLGA 
nanoparticles, among the least toxic, biodegradable synthetic polymers 
by simple elimination, are widely used in ophthalmology for their 
high drug loading, efficient delivery, and long-term release of diverse 
cargo molecules. These molecules can range from hydrophobic/
hydrophilic small molecules to large biopharmaceuticals. Polyester-
based nanosystems lack biological cues, since they are biologically inert, 
which impedes their further development [25]. Hence, functionalities 
in polyester structures to improve interactions with targeted cells/
tissues remain an important topic in ocular and polymeric science.

Natural polymers are characterized by cell-activated proteolytic 
degradation, bioactivity, low/even no toxicity profiles, and enhanced 
membrane permeability [2, 26]. The majority of natural biopoly-
mer-based nanomedicines used for ocular diseases are derived from 
gelatin, chitosan, and its derivatives, like hyaluronic acid (HA). Natural 
biopolymers found within the vitreous of the eye, including HA, are 
non-immunogenic and highly biocompatible when used in biomedical 
systems [27]. Additionally, HA also binds to receptors in retinal cells, 
including CD44, making it particularly valuable for ocular delivery. 
However, HA alone cannot form a gel; therefore, hydrogels made from 
HA require crosslinking agents and chemical modifications to act as 
both static and stimulus-responsive materials [28]. 

Polymeric micelles

In aqueous conditions, polymeric micelles (10 - 100 nm) 
typically self-assemble into organized supramolecular/core–shell 
structures as block copolymers with amphiphilic components. Polymer 
micelles, especially those made from poly(lactide), acrylic acid, and 
vinylpyrrolidone, have been routinely used as nanocarriers to improve 
ocular disease treatment outcomes [29].  A polymeric micelle’s ability 
to stabilize and solubilize hydrophobic compounds may enhance 
drug permeation by extending ocular surface retention.  Polymeric 
nanoparticles used in ophthalmology combine easy surface 
modification with targeted delivery to improve drug bioavailability. 
Micelle nanocarriers exhibit various polymer block arrangements and 
are capable of delivering poorly aqueous soluble drugs by solubilizing 
the hydrophobic core. In addition, this overwhelming advantage offers 
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molecular weight, it tends to degrade rapidly, that is, unstable materials 
tend to disassemble and aggregate, which can compromise therapeutic 
outcomes [48]. A high molecular weight biomaterial, however, will 
decay slowly in vivo, potentially accumulating in ocular tissue. Due 
to their substantial influence on biocompatibility and biosafety, 
nanomaterials’ biodegradability is currently the most critical feature 
that impacts their clinical applications. Although biodegradable ocular 
nanomaterials exhibit favorable biodegradability and biocompatibility, 
they are still difficult to develop in clinical trials [49].

A gradual understanding of how these parameters collectively 
influence ocular nanomedicine has resulted in tremendous growth in 
ocular nanomedicine, particularly when it comes to endocytosis, pene-
tration, cargo release, biodistribution, and elimination after interacting 
with ocular surroundings [50]. Nanomedicine’s size is one of the four 
factors that contribute to its cellular uptake and penetration across oc-
ular physiological barriers. To improve therapeutic outcomes, optimi-
zation and customization of these parameters in ocular nanomedicine 
must be highlighted in the future.

Surface Engineering of Ocular Nanomedicine
By integrating surface engineering with one or more other entities, 

ocular nanomedicine can be functionalized with programmable 
properties that can fulfill these requirements. Ocular nanomedicine 
includes three specific surface engineering approaches: 

•	 Decorating surfaces with specific molecules or polymers.

•	 Modifying functional ligands or motifs.

•	 Loading therapeutics.

In the first approach, ocular nanomedicine has been decorated 
with certain molecules, such as amino and carboxylic acids, or poly-
mers, to improve their physiological stability and bioavailability [2, 51]. 
As nanocarriers for drug delivery, amino-functionalized MSNs stimu-
lated sustained drug release over 8 h, improving ocular bioavailability 
and allowing mucoadhesion. By coating ocular nanomedicine with an 
immune evasion polyethylene glycol (PEG) polymer, host metabolic 
organs were prevented from recognizing it, resulting in its removal by 
macrophages. As a result of this strategy, nanomaterials are significantly 
more bioavailable, resulting in compromised clearance and a prolonged 
duration of blood circulation and retention. 

The second method of surface engineering in ocular nanomedicine 
is the modification of functional ligands/motifs in order to accomplish 
site-specific therapeutics.  Bioconjugation of antibodies with different 
affinity ligands, such as biomaterials, proteins, and nucleic acids (ap-
tamers and oligonucleotides), has improved the specificity of ocular 
nanomedicine. By targeting specific receptors with specific ligands, 
ocular nanomedicine establishes the basis for early-stage prevention 
of ocular disorders [52, 53].  As a result of incorporation into ocular 
nanomedicine, various characteristics of ligand molecules, such as sol-
ubility, biodistribution, target tissue accumulation, plasma binding, and 
elimination, should no longer be determined by the chemical composi-
tion of nanosystems, but should become a function of physicochemical 
properties.

Thirdly, surface engineering involves encapsulating therapeutic 
substances, such as small molecules, peptides, proteins, nucleic acids, 
and clinically available biopharmaceuticals, which are then released 
at pathological sites in order to perform diagnostic and therapeutic 
functions. By delivering sodium nitroprusside to Schlemm’s canal and 
trabecular meshwork, MSNs were able to overcome drawbacks such as 
short duration and poor corneal penetration [54-58]. It is generally be-
lieved that bioactive macromolecules, such as DNA, siRNA, and miR-

tissues. To achieve optimal utilization, it is necessary to explore size, 
hydrophilicity, hydrophobicity, surface charge, and biodegradability 
[40].

Size

In at least one-dimension, ocular nanomedicine typically ranges 
between 1 and 1000 nm. In contrast to large-scale particulate systems, 
corresponding ocular nanomedicines display distinct chemical/physical 
properties and biological effects. There is no doubt that nanoparticles 
have an advantage over their larger counterparts in terms of cellular 
uptake. Typically, mammalian cells are a few microns in diameter, and 
their organelles are considerably smaller [41]. A nanoparticle’s uptake is 
direct and size-dependent, and smaller particles are internalized more 
rapidly than larger ones.  This suggests that nanoparticles can better 
locate specific cells and organelles than micron-sized ones. When 
nanoscale particles are administered intraocularly, they penetrate 
ocular physiological barriers into specific cells or tissues [42]. After 
intravitreal delivery of a single nanoscale sphere, significantly more 
fluorescence-marked nanoscale spheres were detected in the vitreous 
than microspheres, with the only detectable nanospheres being detected 
after week four. Biomaterials of relatively large size are more useful for 
sustained delivery as an ocular delivery system due to their prolonged 
exposure and residence time. The size of ocular biomaterials determines 
their internalization, penetration, biodistribution, and elimination [43].

Surface charge

A nanomedicine’s surface charge is another determinant of 
phagocytosis, penetration, and biodistribution from an engineering 
perspective. In recent years, researchers have studied how electrostatic 
properties affect nano-bio interactions. In the presence of anionic 
components on intercellular surfaces or membranes, cationic 
nanoparticles may enhance particle phagocytosis, suggesting that 
nanoparticles with positive charges might be able to achieve greater 
cellular internalization than those with negative charges [44]. As a result 
of biological interactions and cellular uptake in response to particle 
charge, targeted delivery is also possible without specifically targeted 
ligands. Nanoparticles with a negatively charged surface, on the other 
hand, are reported to avoid adhering to the normal or healthy ocular 
surface or cells, promoting tear retention [2, 45]. 

Hydrophilicity and/or hydrophobicity

The increase in hydrophilicity of nanoparticle surfaces could 
increase drug bioavailability after administration at the tear film or 
cornea biological interface membrane. The ability of amphiphilic 
nanocarriers, such as peptide amphiphile nanofibers, to remain at 
the site of interest for extended periods and to present bioactive 
sequences for a prolonged period of time make them particularly 
valuable for corneal delivery [46]. The retinal cells can, however, absorb 
nanomaterials with hydrophilic surfaces more efficiently. It is therefore 
imperative to carefully consider nanomaterials with hydrophilic, 
lipophilic, or amphiphilic properties before applying them to ocular 
delivery [47].

Biodegradability

There are numerous degradable nanoparticles currently being 
used in ocular drug delivery, possibly because they prolong cargo 
release and retention, and alleviate cytotoxicity in ocular tissues and 
cells. As a result of the degradation rate of carriers in the biological 
milieu, bioavailability and therapeutic window of biodegradable 
ocular nanomedicine are strongly determined, and the degradation 
rate of nanomedicines greatly varies according to their composition, 
molecular weight, and delivery method. When a nanomaterial is low 
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proaches that are simple, inexpensive, and have high accuracy can be 
developed worldwide [67]. As far as ocular diseases are concerned, 
ranibizumab-loaded double imaging and therapeutic nanoparticles 
(S-PEG-ICG-RGD-RBZ) showed the best performance, since they were 
biocompatible, did not exhibit cell death, cellular toxicity, genotoxicity 
or apoptosis of the nanoplatform developed. Nanodiscs and gold na-
norods reported in this section, however, demonstrated high sensitivity 
and specificity for early detection of diabetic retinopathy (Figure 2).

Magnetic-based materials for the treatment of ocular diseases

In terms of drug delivery, magnetic nanoparticles (MNPs) are 
different from other nanocarriers because of their magnetic properties. 
Due to the impact of an external magnetic field, drug molecules may 
be conjugated to the MNP shell and introduced into the body. The 
large surface/volume ratio provides many chemically active sites for 
conjugating biomolecules. In addition, it improves the circulation of 
drugs into the body as well as their ability to reach their targets. As a 
result of their functionalization, the MNPs could act as hyperthermia 
agents, thereby offering an extra therapeutic benefit since enhancing 
temperature in a specific location causes cancer cells to die without 
affecting normal cells. An external magnetic field could also be used to 
visualize MNPs by MRI. Magnemite (Fe2O3) and magnetite (Fe3O4) are 
the most commonly used MNPs in biomedical applications due to their 
excellent stability and biocompatibility. A number of diseases can be 
diagnosed and treated with gold, silica, and silver nanoparticles [2, 5]. 
The physicochemical properties of MNP affect cellular responses, such 
as cytotoxicity and internalization. To get the most therapeutic effect 
from NPs, all these parameters must be predicted.

Magnetic iron oxide-based material for applications in ocular 
treatments

The biodegradability and non-toxicity of iron oxide nanoparticles 
make them an ideal drug delivery system. Additionally, MRI could 
detect them in vivo because of their high iron content. The FDA has also 
approved various MNPs for medical purposes, mainly MRI. A review of 
recently published studies on magnetic iron oxide-based materials for 
ocular applications follows.

Using superparamagnetic iron oxide nanoparticles, Salmani et 
al. magnetized rat mesenchymal stem cells (MSCs) to deliver them to 
diseased retinal regions. In a retinal degenerative transgenic rat, flu-
id-treated MSCs were administered intravitreally with MAG-D. As 
compared to normal intravitreal administered cells, magnetic MSCs 
enhanced retinal delivery tenfold [68]. Furthermore, magnetic NPs and 
orbital magnet therapy resulted in a substantial increase in retinal lev-
els of hepatocyte growth factor and IL-10, which are anti-inflammatory 

NA, could act as a highly effective host bioreactor for coding functional 
proteins for eye-related diseases. For ocular on-demand gene delivery, 
safe and effective non-viral vehicles using different surface engineering 
methods are promising.

Application of Nanomaterials in Ocular Diseases
Nanotechnology has recently made significant advances in the 

detection of various cancers and eye diseases. The most practical 
nanotechnology-based ophthalmic delivery systems are nanoparticles, 
nanoliposomes, nanocapsules, nanocages, nanohydrogels, nanomicelles, 
and nanodendrimers [59]. A number of nanomaterials have been 
developed to revolutionize disease detection due to their exceptional 
properties and possible uses in biology and medicine. Nanotechnology 
is used in ophthalmology for diagnostic purposes. After fluorescein 
sodium injection, fundus fluorescein angiography (FFA) visualizes the 
choroid and retinal blood flow. Clinical detection has been limited due 
to unusual anaphylaxis and vomiting rates of 0.04 - 0.3%, and 0.6 - 2%, 
respectively. Recently developed nanosized contrast agents can form 
FFA for AMD, thereby reducing NP adsorption in ophthalmic tissues 
and improving cellular toxicity [60].

Nano discs and gold nanorods have been studied as contrast agents 
to improve optical coherence tomography (OCT) and increase visual-
ization of eye structures for early detection due to their potential capa-
bilities [61]. A urine-based colorimetric test paper that captures color 
with the smartphone camera was studied to determine if gold nanopar-
ticles (GNPs) could be used for home screening for diabetic retinopa-
thy. It is a biomarker of diabetic retinopathy and nephropathy caused 
by oxidative stress DNA decomposition. Specificity and sensitivity of 
GNPs were 81% and 91%, respectively. NPs were capable of screening 
for retinal diseases even though there was no association with diabetic 
retinopathy severity [62].

The researchers conjugated PEG with core cross-linked star poly-
mers to produce ranibizumab-loaded double imaging and therapeutic 
NPs (S-PEG-ICG-RGD-RBZ) for CNV. Both in vivo and in vitro tests 
demonstrated that NPs were not cytotoxic, genotoxic, or apoptotic in 
mouse CNV (choroidal neovascularization) models or retinal pigment 
epithelium (RPE) cell lines [63]. Furthermore, the produced NPs pre-
vented the proliferation and tube formation induced by VEGF. Further-
more, it repressed CNV progression in mice and limited the expression 
of VEGF and CD31 in human cells. In conclusion, NP fluorescence im-
ages in the rodent eye’s ophthalmic fundus detected CNV regions effec-
tively and were not detected in other organs. A potential contrast agent 
for molecular imaging is colloidal GNPs [64]. Through the combination 
of RGD peptides and ultra-pure CGNP clusters, Tzameret et al. [65] 
synthesized chain-like GNPs (CGNP) clusters-RGD for improved mo-
lecular imaging. As a result of their outstanding biocompatibility and 
photostability, the NPs could be disassembled to aid in their elimina-
tion from the body. Through the marginal ear vein attached to CNV, 
intravenous administration of CGNP clusters RGD, resulting in a 176% 
increase in OCT signal and a 17-fold increase in photoacoustic micros-
copy signal, allowing us to visualize newly formed blood vessels in the 
subretinal space [65]. Successful treatment of RB depends on an early 
diagnosis. Different nanomaterials are being developed for cancer treat-
ment and early diagnosis through nanotechnology. There have been nu-
merous nanosystems developed in recent years to improve conventional 
imaging systems. OCT, MRI, and ultrasound imaging via nanosystems 
have not seen enough research efforts to improve their performance 
[66]. These nanosystems are, however, proving to be remarkable in im-
proving the quality of retinal imaging and detecting diseases.

Therefore, developing specific and sensitive tools or approaches 
for diagnosing ocular diseases can be beneficial to world health. Ap-

Figure 2: Nanoparticles in ocular drug delivery [5].
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In mice, previous researchers administered GNPs topically to in-
hibit corneal neovascularization. The gold NP-treated group had a 39% 
reduction in neovascularized area, as well as a diminished expression of 
VEGFR-2, which prevented inflammation.

In a study conducted by Baghban et al. [78] liposomal flucytosine 
was capped with GNPs to increase intraocular permeation and ther-
apeutic effectiveness. A topical application of flucytosine capped with 
GNPs was found to be effective for treating experimental Candida albi-
cans corneal infections [78].

As a new platform for the delivery of ranibizumab, other authors 
developed ranibizumab/PEG-conjugated gold nanoparticles (AuNPs). 
The production of ranibizumab/PEG-conjugated AuNPs was success-
ful. Human umbilical vein endothelial cells expressing ranibizumab/
PEG-conjugated AuNPs in vitro were shown to be repressed from form-
ing tubes. The formation of tubes was prevented by PEG-conjugated 
AuNPs without ranibizumab. Cell proliferation in human cells is not 
disturbed by ranibizumab/PEG-conjugated AuNPs. Angiogenesis-as-
sociated disorders such as AMD could be treated with ranibizumab/
PEG-conjugated AuNPs.

Using the soaking approach, Pankhurst et al. investigated GNP 
loading and release from contact lenses. The first method involved load-
ing GNPs into the timolol soaking solution, and the second method 
included GNPs in the contact lenses during manufacture. Therapeutic 
contact lenses with GNPs in the solution showed a significant increase 
in drug uptake and loading capabilities. During in vivo evaluations, 
these contact lenses enhanced the deposition of drugs inside the intra-
ocular tissues, thus prolonging IOP reduction times [79].

GNPs coated with resveratrol have been shown to protect diabetic 
retinopathy in streptozotocin-induced diabetic rats for three months. 
The protective effects of GNPs can aid in restoring balance between the 
inhibitors and stimulators of angiogenesis by inhibiting the ERK1/2 
pathway and expression of nuclear factor kappa B, which can decrease 
the permeability of BRB and inflammation of diabetic rats. A signifi-
cant reduction was also observed in each of the mRNA expressions of 
VEGF-1, interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNFα).

ARPE-19 cells can efficiently internalize DNA-wrapped GNPs with 
great transfection efficacy when they are wrapped in plasmid DNA. Ini-
tially expressed reporter genes were observed 16 h after transfection, 
which verified these findings [80]. As a result of the findings, GNPs may 
provide RPE cells with effective gene delivery; however, the mechanism 
of cell interaction with GNPs should be viewed more clearly. To ensure 
stable gene expression in their system, the particles need to evade the 
autophagic pathways of the particles, while enhancing the transfection 
effectiveness of these particles.

As an ophthalmic drug delivery system, gold-coated MNPs were 
coated with ranibizumab. NPs were conjugated with ranibizumab by 
physical adsorption. A thermogravimetric assay was used to determine 
the amount of ranibizumab on the surface of NPs. The initial 30 min 
were the most prolific time for antibody release, with approximately 
60% released. An ELISA assay was also conducted to verify the activity 
of antibodies following release analyses. MTT was used to demonstrate 
the nontoxicity of gold-coated Fe3O4 particles. A possible treatment 
system for eye disorders can be developed using antibody-conjugated 
MNPs.

As a result of their outstanding features, AuNPs are good carriers 
for delivering drugs to specific sites and releasing them in a controlled 
manner. An AuNP therapy for diabetic retinopathy was developed by 
Peterson et al. using green synthesis. In order to deliver sorafenib to-
sylate, these NPs have been modified with FA-b-PEG co-polymer. In the 

molecules. As a result of these results, this method may be most effec-
tive for outer retinal disorders such as AMD, since controlled delivery 
to focal cells could result in a greater drug load to the target site and 
result in beneficial biochemical changes in dystrophic retinas.

For targeting the RPE layer, Ito et al. used magnetic iron oxide as 
an intraocular delivery system. MNPs were used as nanocarriers for 
intraocular drug delivery in Xenopus embryos, targeting the RPE lay-
er and remaining stable for weeks. Additionally, MNPs are distributed 
and localized in the RPE layer independently of their physicochemical 
properties [69].

Using engineered Fe3O4 NPs as a facile platform for delivering 
ranibizumab in AMD therapy, Reyes-Ortega et al. have developed a 
successful drug career. A Matrigel-based assay approach with human 
umbilical vein endothelial cells showed that Fe3O4/PEG-PLGA polymer 
nanomaterials inhibit tube formation effectively [70]. Additionally, ra-
nibizumab-treated nanomaterials did not disrupt cell proliferation and 
there was no evidence of significant differences in human endotheli-
al cells. As a new formulation for neovascular AMD therapy, Fe3O4/
PEG-PLGA nanomaterials appear to be highly promising.

Tan et al. assessed the long-term safety and ability to track Fe3O4 
NPs coated with human serum albumin injected into the SCS of a ret-
inal degeneration rat model. Twenty-five RCS pigmented rats were in-
jected with 20 nm IO/HSA NPs via suprachoroidal injection into the 
right eye, and the left eye was a control. IO/HSA NPs were detectable in 
the back segment of the eyes 6 weeks after injection, according to histo-
logical tests. Additionally, it has been shown that these NPs can remain 
detectable for up to 30 weeks based on MRI results [71]. There were no 
significant differences in retinal function and structure between eyes 
that had been injected and eyes that had not been injected.

In a study by Avasthi et al. IONPs were demonstrated to be ef-
fective therapeutic nano-heaters for treating RB through intravitreal 
injections and external magnetic fields. Apoptosis was activated by the 
applied IONPs in the Y79 RB cell line, leading to the death of RB cancer 
cells [72, 73].

Based on the capability of Fe3O4 nanoparticles to load valproic 
acid and guanabenz with anti-unfolded protein response features to-
wards the retina, Nejati et al. [74] developed a topical, noninvasive, and 
magnetically aided delivery system. Transmission electron microsco-
py (TEM) confirmed the presence of Fe3O4 NPs in the retina of Bard-
ed-Biedl syndrome wild-type mice. As a result of this technology, small 
molecule drugs can be used to treat a variety of ophthalmic disorders 
and retinal degenerations [74].

In the treatment of ocular diseases, magnetic iron oxide-based ma-
terials have been applied in a variety of ways. The nanoplatform devel-
oped by previous authors exhibited the best analytical performance of 
the magnetic iron oxide-based materials reported in this section. The 
best performance was attributed to the safety of suprachoroidal admin-
istration of Fe3O4 nanoparticles and the ability to detect NPs coated 
with human serum albumin in the SCS of retinal degeneration rats [75-
77]. Moreover, the nanomaterial designed by previous researchers has 
promising potential as heat mediated HSPs agents for treating glauco-
ma in the future.

Magnetic gold-based materials for applications in ocular 
treatments

The cytotoxicity of GNPs, as well as their excellent optical and 
tunable properties, make them excellent platforms for biosensing and 
therapy. The following examples of gold-based materials for ocular 
treatments are reviewed.
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vision loss.

Based on the biocompatibility and exceptional area-confined pho-
tothermal effect of the Nano-IOLs platform designed by previous re-
searchers this section concluded using the Nano-IOLs platform could 
be an important intervention in PCO-mediated vision loss. In contrast, 
others developed CeCl3@mSiO2 nanoparticles. Using this product, di-
abetic cataract progression was effectively alleviated because of its bio-
compatible and biodegradable properties, reduction of antioxidant en-
zyme activity, lipid peroxidation, and scavenging of free radicals.

Polymeric-based materials for the treatment of ocular diseases

Ocular drug delivery uses polymers extensively because of their 
mucosal adhesive properties. By increasing the shelf life of the drug 
in the cornea and conjunctival epithelium, this polymer reduces the 
rapid clearance of the drug from the eye, which is often experienced 
with topical ophthalmic formulations [85]. According to some studies, 
some polymers are stimuli-responsive, releasing active ingredients as 
conditions change, such as pH, temperature, and pressure. In situ gelling 
systems have also been developed with smart polymers. Additionally, 
some polymers are biodegradable, which means they are broken down 
by the body into nontoxic substances. This constant release profile is 
achieved through the breaking of the polymer, which releases the drug. 
In the development of ocular implants, biodegradability eliminates the 
need for manual removal of drug delivery systems.

A number of polymers have recently been investigated for their 
use as drug carriers in the eye, such as microspheres, micelles, and hy-
drogels. Because of their versatility, hydrogels have attracted consider-
able attention [86]. A polymeric material like this could absorb a large 
amount of water and adjust its physical properties in response to exter-
nal stimuli. for example, when temperature, pH, magnetic field, or ionic 
strength trigger the conversion of a solution into a gel, or vice versa. 
We will discuss two classes of polymeric-based materials for treating 
ocular diseases.

Advantages and Disadvantages of the Ocular Nano-
Drug Delivery Systems (NDDS)

In order to overcome ocular-related barriers, NDDS has been 
developed [87-89]. Ocular DDS can be delivered via a wide variety 
of carriers, such as liposomes, nanoemulsions, nanosuspensions, 
nanomicelles, polymeric NPs, and lipids. There are many advantages to 
using nanocarriers for ocular DDSs. 

•	 They could penetrate the capillaries via the blood flows, enter the 
endothelial cell gap, and be taken in by pinocytosis to increase 
nanomaterial bioavailability. 

•	 Nanocarriers have a big surface area, which could embed 
hydrophobic substances, increase solubility and decrease the 
adverse effects of common solvents. 

•	 A nanocarrier could be modified via the targeting group to 
reorganize targeted drug delivery that may decrease the adverse 
effects, e.g., folic acid-modified NPs and MNPs. 

•	 Nanocarriers extend the exclusion half-life of a substance, enhance 
efficient blood concentration-time, improve effectiveness, 
decrease use frequency, and diminish toxic effects. 

•	 Nanocarriers pass across the body obstacles that restrict the 
substance effects. 

•	 Nanocarriers have better interactions with drugs and conjunctival 
and corneal epithelium and increase the effectiveness of drug 
bioavailability and delivery.

retinal neovascularization region, this drug acts on VEGF receptors. It 
was found that the prepared dosage form could be a successful therapy 
for diabetic retinopathy based on histopathological analyses and fundus 
photography [81].

In conclusion, among the magnetic gold-based materials present-
ed in this section, nanoplatform was the most effective. Because GNPs 
are non-cytotoxic, non-immunogenic, and biocompatible, they showed 
remarkable improvements in drug deposition in the conjunctiva and 
ciliary muscle with the GNPs-laden contact lenses. Moreover, previous 
researchers reported resveratrol-coated GNPs as effective in treating 
diabetic retinopathy due to the protective effect of GNPs on strepto-
zotocin-injected diabetic rats, which may aid in restoring the balance 
between stimulators and inhibitors of angiogenesis.

Magnetic silica-based materials for applications in ocular 
treatments

Because of their high surface area and pore volume, as well as their 
changeable pore diameter, MSNs have shown great promise in drug 
delivery. Since MSNs are easy to produce and can be combined with drugs 
and functionalized on surfaces, they are of great interest to researchers. 
Due to flexible silane chemistry, they can integrate inorganic material 
into or on the structure surface, and a wide variety of molecules can be 
linked to the silica surface. As a result of their hydrophilic surface, SiNPs 
are stable and biocompatible carriers that extend blood circulation. A 
number of silica-based magnetic materials have been developed for 
ocular treatments in recent years [82]. Using human corneal epithelial 
cells (HCECs), authors assessed the cytotoxicity of different sizes of 
SiNPs. As a result of adding SiNPs to cultured HCECs, the autophagy 
pathway was activated without significant cytotoxicity.

By injecting one intracameral dose of pilocarpine-encapsulated 
MSNs coated with gelatin, researchers achieved 21 days of reduction 
in IOP following one intracameral injection. The authors found that 
matrix metalloproteinase-2 expression in the anterior chamber caus-
es gelatin degradation, which creates a moderately acidic environment 
that allows pilocarpine to be released from G-MSN and decreases IOP. 
Studies on animals and cells have proven pilocarpine’s-controlled re-
lease, and its effect on IOP reduction. The use of such nanocarriers in 
the treatment of glaucoma may be beneficial.

Due to their rapid elimination from the preocular space, brimoni-
dine eye drops showed limited efficacy in glaucoma treatment. Lynch 
et al. addressed this problem by delivering brimonidine with ami-
no-functionalized mesoporous silica (AMS) particles, which adhere to 
the mucous layer and allow prolonged preocular residence. BMD-AMS 
remained in the rabbit’s preocular space for up to 12 h after topically 
applying it. Results showed that BMD-AMS enhanced the ophthalmic 
bioavailability of brimonidine by twice as much as Alphagan P in terms 
of duration and area under the drug concentration curve in the aqueous 
humor [2, 83].

Using nanostructured photothermal ring integrated intraocular 
lenses (Nano-IOLs), Andrés-Guerrero et al. [84] achieved successful 
results in preventing posterior capsule opacification (PCO) that occurs 
after cataract surgery by coating the rim of commercial IOLs (C-IOLs) 
with Au@SiO2 (silica-coated Au nanorods) [84]. Under mild laser ther-
apy, the Nano-IOLs eliminate the residual lens epithelial cells (LECs) 
around the Nano-IOLs and block the formation of disordered LEC 
fibrosis, which eventually results in vision loss. Nano-IOLs have been 
shown to reduce PCO incidence in rabbit models by 30 - 40%, com-
pared to C-IOLs in the control group 30 days after surgery. According 
to the findings, spatial controllability of photothermal effect of nanoma-
terials offers an exceptional method for intervening with PCO-induced 
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humans. As a consequence, in vivo animal models of eye-related diseases 
provide a reasonably accurate prediction of human disease. There is a 
discrepancy between rodents and humans in terms of the size and shape 
of the vitreous body, as well as the proximity of the vitreous body to the 
retina, which makes it hard to translate preclinical results to humans. 
Despite numerous studies conducted on cellular and animal models to 
determine the therapeutic outcomes of ocular nanomedicine designed, it 
remains challenging to completely clarify the underlying mechanisms of 
nanomedicine on ocular cells/tissues following biomedical analysis, that 
is, only therapeutic outcomes are established, not processes. However, 
it can be challenging to quantify the reaction kinetics of nanomaterials 
in vivo, regardless of the existing evidence supporting their ultimate 
therapeutic effects. Nanomedicine and various biomedical applications 
use these black boxes in almost all therapeutic processes. The distribution 
and therapeutic concentration of specific biochemical ingredients in the 
biological milieu can be measured using multifunctional optical probes. 
In vivo characterization of these multifunctional diagnostic/therapeutic 
agents could clarify the relationship between ocular nanomedicine and 
behavior in vivo.

The human eye is regarded as one of the most exquisite organs of 
the body and serves as a perfect platform for nanoparticle delivery, capa-
ble of bypassing systemic circulation. Different routes of administration 
influence nanoparticle biodistribution. Current methods for nanopar-
ticle delivery into the anterior eye segment mainly focus on eye drops; 
however, frequent blinking and tears limit nanoparticle retention on the 
ocular surface, leading to poor bioavailability. Subconjunctival admin-
istration serves as a less invasive option to overcome blood‐ocular bar-
riers and improve drug bioavailability in specific ocular sites. Subcon-
junctival implantation has been well‐examined for periocular implants, 
but this approach may require a second surgery. As chronic retinal dis-
orders require long‐term intervention, subretinal injection provides a 
relatively high nanoparticle bioavailability; however, it is highly invasive 
and may be accompanied by complications such as intraocular bleed-
ing. Although the intravitreal procedure avoids anterior eye barriers, 
the complex inner limiting membrane and vitreoretinal interface may 
prevent nanoparticle access to the retina. Retinal permeation of intrav-
itreal nanocarriers is limited and probably misleading, given inter‐spe-
cies differences in retinal structures between animals and humans. In 
addition, authors recently designed a gelling hypotonic formulation for 
extended ocular delivery by forming a highly clear and uniform thin 
layer. Compared with commercial eye drops and conventional thermo-
sensitive gelling formulations, the hypotonic gel layer resisted clearance 
from blinking and conformed to the ocular surface, thereby enhanc-
ing intraocular drug absorption and prolonging ocular surface contact. 
Based on these findings, further development of penetrable nanoma-
terials that can permeate into intraocular tissues upon direct eye drop 
could afford a more effective, non‐invasive, and long‐lasting alternative 
to conventional therapies. In contrast, given the minimum invasive-
ness and driving capability of a magnetic field, ocular delivery with the 
aid of a microrobot confers an inherent advantage for targeted ocular 
treatment. More importantly, authors developed a bilayer hydrogel mi-
crorobot capable of retrieving MNPs using a magnetic field after drug 
targeted delivery. This procedure effectively avoids the side effects of 
MNP retention in conventional microrobots. The sheet‐type microro-
bot with retrieval and recycling ability demonstrates superior potential 
as a therapeutic agent against intraocular diseases and affords a new 
ocular delivery paradigm to develop recycled nanomaterials for ocular 
disease treatment. It is critical to continuously investigate therapeutic 
safety and effectiveness of ocular nanomedicines before utilizing them 
in clinical practice, since most are unique and under development. Oc-
ular nanomedicine, especially inorganic nanoparticles, must comply 
with biosafety issues including genotoxicity, neurotoxicity, and repro-

MRI can visualize MNPs, and a magnetic field can hold drug-load-
ed NPs in place. Because MNPs are organized into a two-dimensional 
space by an external magnetic field, one disadvantage of their use in 
drug delivery is their inability to concentrate in a three-dimensional 
space. When the magnetic field is removed from the outside, it is diffi-
cult to retain the MNPs in the aimed tissue. Experiencing a magnetic 
field for an extended period of time can also cause problems [90]. Mag-
netic fields cannot be continuously applied to patients, so their thera-
peutic effectiveness is limited by their intensity, frequency, and expo-
sure time. It is likely that polymeric nanomaterials have been utilized as 
a key element in different DDSs because of their outstanding properties 
such as water absorption, stability in an aqueous medium, and biocom-
patibility [5].

As a result of intraocular administration, polymeric nanomaterials 
may affect vision and be rapidly removed from the blood flow. The suc-
cess of SLNs depends on the development of dosage forms that increase 
the concentration of drugs in the targeted tissues, thus improving their 
therapeutic effects. SLNs can be used to combine drugs and propose 
a new delivery model that targets drugs differently. Associating with 
SLNs could increase the therapeutic load of numerous drug classes in 
specific organs. Additionally, SLNs have problems such as fast clear-
ance, low stability, and non-specific uptake by mononuclear phago-
cytes. Combining various ligands on the surface of SLNs could nullify 
the above restrictions by helping to enhance the circulation time and 
targeted delivery of the drug [91]. By choosing surface biomarkers, it 
may be possible to increase the targeting features to a specific location.

The benefits of natural polysaccharides for ophthalmic medicines 
include the fact that they are inexpensive, easily accessible, nontoxic, 
possibly biodegradable, commonly biocompatible, and usually com-
pliant with chemical modifications. As a result of the chemical alter-
ation, derivatives with improved properties in terms of solubility and 
residence time in the eye have been developed. A few studies examined 
polysaccharide-based nanocarriers’ safety for ocular sections; howev-
er, long-term surveillance and nano formulation are still lacking. De-
spite the fact that polysaccharides degrade in vivo, the biodegradation 
of polysaccharide-based nanocarriers in the ocular system is not yet 
satisfactory [92]. A number of questions remain unanswered at the 
nanoscale, such as how and where polysaccharide-based nanocarri-
ers are metabolized, decomposed, and defecated; what metabolites are 
generated by their decomposition; and how hybrid nanomaterials may 
influence physiological eye function. In actual situations, polysaccha-
ride-based nanocarriers have not demonstrated good biocompatibility 
and biosafety based on material design. Due to differing research proce-
dures and animal models, some investigations on polysaccharide-based 
nanocarriers, particularly in physiological environments, remain con-
troversial regarding controlled-drug release in space and time [93].

Conclusion
Ocular nanomedicine has grown as a result of the inherent 

limitations of conventional management of ocular diseases. We provide 
an in-depth analysis of how fundamental physicochemical characteristics 
of nanomaterials influence their effectiveness after interacting with the 
extra/intraocular milieu in this overview of ocular nanomedicine, mainly 
reported in the last five years. Functionalized ocular nanomedicine has 
also been discussed by engineering suitable entities. Despite considerable 
advancements in ocular nanomedicine, there are still several unresolved 
scientific issues and corresponding perspectives to be addressed. The 
current trend in ocular nanomedicine is shifting from in vitro evaluations 
to preliminary experiments in animal models. There are, however, 
differences between species in terms of anatomical structure/geometry 
and composition of ocular tissues, especially between animal models and 
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ductive toxicity. It has been shown by the researchers like Dr. Zhu and 
his colleagues that in vivo biocompatibility concerns of elaborately con-
structed nanomaterials, such as unsterile contaminants in contact with 
various ocular structures, are closely related to the synthesized struc-
ture/morphology, particle size, and dosage parameters of ocular nano-
medicine. Clinical translation and successful commercialization are the 
final and most critical concerns associated with ocular nanomedicine. 
While numerous fundamental studies and preclinical evaluations have 
been conducted, only a handful of nanosystems for combating ocular 
diseases, including emerging exosome-based therapeutics for macular 
edema, have been approved for clinical trials. Since nanomedicines have 
complex, diverse nanostructures and surface modifications, large-scale 
synthesis is a common issue in biomedical fields, which could be ad-
dressed to some extent by simplifying the corresponding construction 
without compromising bioactivity.
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