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Abstract 

Ocular drug delivery is one of the most challenging endeavors among the various available drug delivery systems. 
Despite having suitable drugs for the treatment of ophthalmic disease, we have not yet succeeded in achieving a 
proper drug delivery approach with the least adverse effects. Nanotechnology offers great opportunities to over-
whelm the restrictions of common ocular delivery systems, including low therapeutic effects and adverse effects 
because of invasive surgery or systemic exposure. The present review is dedicated to highlighting and updating the 
recent achievements of nano-based technologies for ocular disease diagnosis and treatment. While further effort 
remains, the progress illustrated here might pave the way to new and very useful ocular nanomedicines.
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Introduction
Based on the investigations conducted by the World 
Health Organization (WHO) in 2015, almost 217 million 
people aged 18 years or older globally are suffering from 
various ocular disorders that could lead to vision impair-
ment and finally cause permanent blindness [1, 2]. In 
the last ten years, immense preclinical and clinical stud-
ies have been performed for the development of thera-
peutics for different ophthalmic disorders, for example, 
diabetic retinopathy, age-related macular degeneration 
(AMD), glaucoma, cataracts, and uveitis [3]. Consider-
able accomplishments have been made in the innovation 
of ophthalmic pathological mechanisms and eye disease 
management. Nevertheless, owing to the unique anatom-
ical and physiological features of the eye, detection and 
treatment of these diseases face many challenges. The 
common therapeutic approaches rarely could entirely 

return vision loss or diagnosis of severe ophthalmic dis-
orders at an early stage [4, 5]. Thus, improved diagnostic 
and therapeutic emerging methods for eye diseases have 
received much attention. Nanotechnology, as a current 
hot topic and high potential technology, has an important 
effect on many fields associated with engineering, chem-
istry, medicine, and, biology. In the last ten years, this 
technology has attracted considerable research attention 
[6–10]. Nanoscience refers at the study of the biologi-
cal, chemical, and physical properties of materials at the 
nanometer scale. Nanotechnology involves the construc-
tion and use of materials with at least one dimension in 
the nanometer scale [11]. Certain nanoscale materials 
show exceptional mechanical, electrical, optical, mag-
netic, and chemical characteristics. These properties can 
be utilized to improve the physicochemical and biological 
characteristics of drugs and drug delivery systems [12–
14]. The application of nanotechnology in the diagnosis 
and treatment of ocular disorders has also made rapid 
progress (Fig. 1).

Nanocapsules, nanohydrogels, nanoliposomes, 
nanomicelles, niosomes, cubosomes and nanoparticles 
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(NPs) are among the most common nanotechnology-
based ophthalmic delivery systems offering some benefits 
over current diagnostics and therapeutics approaches 
[16–19]. Due to their special features and possible uses 
in biology and medicine, nanomaterials were developed 
to revolutionize the detection and treatment of many 
disorders [20–23]. Nowadays, NPs are widely utilized for 
the successful delivery of many drugs, peptides, vaccines, 
etc. [24]. Due to their acceptable therapeutic toxicity, 
controlled-release, and also nanometer-scale dimensions, 
NPs yield encouraging results even in minimal concen-
trations and possess lesser adverse effects compared with 
conventional chemotherapy drugs [5, 25]. Hence, NPs are 

more attractive objects for use in NP-contained contact 
lens implants, nanostructured devices, and films for oph-
thalmic drug delivery [5].

In this review, we have focused on recent achieve-
ments in nanotechnology-based systems for ocular dis-
ease diagnosis and treatment. First, the main challenges 
in common ocular drug delivery systems are introduced. 
Then, we will discuss the applications of nano-based 
materials for ophthalmic drug delivery. In the following, 
magnetic-based materials (iron oxide-based materials, 
gold-based materials, silica-based materials), polymeric-
based materials (lipid-based materials and polysaccha-
ride-based materials) for the treatment of ocular diseases 

Fig. 1 Schematic representation of ocular nanomedicine for various biomedical uses in ophthalmology [15]
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are highlighted and reviewed. Then, nano-biomaterials 
for regenerative ophthalmology are discussed. Finally, 
we will summarize the advantages and disadvantages of 
nanocarriers, as well as, their safety and toxicity for oph-
thalmic drug delivery, and the perspective of nanotech-
nology in ocular diseases diagnosis and treatment.

Challenges in the current ocular drug delivery 
systems
There are different administration routes for ophthalmic 
drug delivery that are widely used to reach the posterior 
segment in clinical practice (Fig. 2). These drug adminis-
tration routes face many challenges. In the following, the 
most common methods of drug delivery to the eye and 
their challenges will be discussed (Table 1).

Systemic administration
Systemic administration, majorly through the oral and 
intravenous routes, is a drug delivery method to the pos-
terior eye segment thru the choroidal capillaries. But, 
the blood-retinal barrier (BRB) and blood-aqueous bar-
rier (BAB) hamper the drug molecules’ penetration. 
Hence, a significantly higher dose is required for drug 
efficacy, leading to enhanced drug toxicity [27, 28]. In 
some disorders mainly, systemic disorders (like rheuma-
tologic disorders) or life-threatening systemic diseases 

(like endophthalmitis), systemic administration is rec-
ommended in a unique situation. But if a patient has an 
isolated ocular problem, it is better to hesitate systemic 
administration. Despite the high oral and intravenous 
bioavailability, the side effects of the systemic route can-
not be ignored [29–31]. Therefore, systemic administra-
tion is not a preferred technique for the above-mentioned 
reasons, and this drug delivery method for administrat-
ing the drug to the posterior segment faces many chal-
lenges [32, 33].

Topical administration
One of the prevalent routes of drug administration is top-
ical usage. In the topical route, conventional formulations 
e. g. ointments, eye drops, and suspensions are used for 
good patient compliance. Drug delivery to the targeted 
ocular tissues is limited by several local barriers (Fig. 3). 
Lacrimation and washing of drugs during lacrimation 
are the main challenges, and if we decided to use a drug 
topically, it must absorb sufficiently and rapidly before 
washing with tear. The other challenge is the corneal epi-
thelium barrier. Drugs must have the capability to pen-
etrate the corneal layers. Interaction of a drug with tear 
film enzymes or proteins and also with anterior cham-
ber molecules is the other challenge. After each step, 

Fig. 2  Graphical representation of the various delivery routes for ocular administration [26]
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the drug must have sufficient concentration to reach the 
main target site [26].

Intravitreal injection
This approach includes injecting ophthalmic drugs 
straight in the vitreous through pars plana with a 30G 
injection needle that improves drug absorption com-
pared to topically and systemically delivered drugs. In 
this method, due to targeting a specific site, drug deliv-
ery to the posterior eye segment is more than systemic 
administration. Compared to other methods, this admin-
istration route offers greater concentrations of drugs 
in the retina and vitreous. Deletion of drugs after intra-
vitreal injection is based on size [34]. While intravitreal 
administration presents high drug concentrations in the 
retina, this drug delivery method faces some technical 

complications, for example, intravitreal hemorrhages, 
endophthalmitis, trauma to the lens, and retinal detach-
ment [35].

Periocular implants
Periocular implants are usually placed on the surface of 
the eyeball, which includes the subtenon, subconjuncti-
val, retrobulbar, posterior juxta-scleral, and peribulbar 
spaces. These implants utilize the trans-scleral route 
for drug delivery into the vitreous, retina, and choroid 
[36–39]. The trans-scleral route has some advantages, 
including a high hydration level of the sclera, a large sur-
face area, and the high permeability of larger drugs. Fur-
thermore, as this delivery route facilitates localized drug 
delivery to the needed site and is minimally invasive com-
pared to intravitreal injection, trans-scleral delivery has 

Fig. 3 Ocular barriers to drug delivery: (a) the tear film is consist of the mucin, aqueous, and lipid layers; (b) the corneal layer is composed of 
the endothelium, Descemet’s membrane, stroma, Bowman’s membrane, and epithelium; (c) the conjunctival barrier; (d) the blood-aqueous 
barrier begins at the ciliary body stroma and is formed by the basement membrane, pigmented and non-pigmented cells and is specified with 
the basement membrane; (e) the blood-retinal barrier is composed of Bowman’s membrane, RPE, photoreceptors, horizontal cells, bipolar cells, 
amacrine cells, and the retinal ganglion cells [26]
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appeared as a more interesting approach for the treat-
ment of retinal disorders. Nevertheless, this approach is 
restricted by the several static barriers, which include the 
RPE, choroid, and sclera, and the flow-related elimina-
tion by blood and lymphatic vessels in the surrounding 
tissues [40, 41].

Subconjunctival
The subconjunctival injection route is used for drug 
delivery in the anterior eye segment, reaching greater 
concentrations of drug in this segment compared with 
the topical route. This administration route has been con-
sidered a different route for the drug delivery and treat-
ment of the retinal disorder [36, 39, 42]. It diminishes 
the side effects, majorly retinal damage, cataracts, and 
endophthalmitis [42]. The drug is administered beneath 
the conjunctival membrane which covers the sclera. So, 
the drug could avoid the conjunctiva-cornea barrier and 
facilitates direct access to the trans-scleral route [42], 
enhancing its bioavailability in aqueous humor compared 
to the topical route, which offers the corneal barrier as an 
obstacle. This administration route has many drawbacks 
considering the concentration that could reach the retina 
which can be referred to eliminate through systemic flow 
and the tear causing a decreased bioavailability [43].

Suprachoroidal
The suprachoroidal administration route was presented 
as a potential drug delivery system to the posterior eye 
segment while it is not currently utilized in the clinic 
[41]. In this route, the drug is administrated by micronee-
dles into the supracervical space under the inner surface 
of the sclera. Thereby, the pressure applied during the 
injection process, the formulation is dispersed all over 
the suprachoroidal space [44]. This approach has been 
examined for delivery of drugs into the posterior eye 
segment using surgical methods, and gave rise to a long-
term treatment, where drugs can be targeted towards the 
retina and choroid using direct contact with the injec-
tion site [45, 46]. Disadvantages of the suprachoroidal 
administration route include choroidal detachment, 
suprachoroidal hemorrhage, difficult accessibility to the 
suprachoroidal space and invasive and complexity of this 
method [47]. Therefore, the mentioned challenges have 
made it difficult to use [45].

Sub‑tenon
The Subtenon route involves the administration of a 
drug between Tenon’s capsule and the sclera, an avas-
cular membrane. Thus, the contact time between the 
injected drug and the sclera is extended [48]. The Sub-
tenon administration route is probably safer than intra-
vitreal injection as the method does not need to enter the 

eye eliminating needle-associated risks [49]. Increased 
intraocular pressure, worsening cataracts, and lower 
effectiveness in treating uveitic macular edema compared 
to intravitreal steroids in a large randomized  controlled 
trial, have diminished this route’s usage with other alter-
natives accessible [50, 51]. Nevertheless, this delivery 
route remains the main tool in uveitis expert’s hands, 
particularly in those cases where intravitreal administra-
tion might not be possible or need exceptional attempts. 
As with any intraocular or periocular steroid injection, 
worsening cataracts and ocular hypertension are possible 
with subtenon or subconjunctival’s triamcinolone [52].

Although considerable research efforts have been made 
to improve the efficiency and overcome the limitations 
of common ocular drug delivery systems, many efforts 
still demand to be done. Thus, in order to overcome the 
above-mentioned adverse side effects, extensive research 
has been focused on the development of new thera-
peutic strategies for the delivery of ophthalmic drugs. 
Nano-based technologies have attracted great attention 
to overcome the challenges of current ocular drug deliv-
ery systems and promote drug delivery to the anterior 
and posterior parts of the eye. In the following sections, 
recent advances in nanotechnology-based systems for 
ocular disease diagnosis and treatment will be discussed.

Applications of nano‑based materials for ocular 
drug delivery
The application of nanomaterials for the diagnosis 
of ocular diseases
In recent years, the application of nanotechnologies has 
been undergoing significant progress in the detection of 
various cancers and eye diseases. Nanoparticles, nanoli-
posomes, nanocapsules, nanocages, nanohydrogels, 
nanomicelles, and nanodendrimers are considered the 
most practical nanotechnology-based ophthalmic deliv-
ery systems offering numerous benefits over common 
diagnostics [16–19]. Due to their exceptional features 
and possible uses in biology and medicine, nanomaterials 
have been developed to revolutionize disease detection 
[20, 21, 23, 53]. Here, diagnostic applications of nano-
technology in ophthalmology are given.

Fundus fluorescein angiography (FFA) is the commonly 
applied diagnostic devise in ophthalmology for visualiza-
tion of the choroid and retinal blood flow after the injec-
tion of the fluorescein sodium. Its clinical detection has 
been restricted owing to unusual anaphylaxis and vom-
iting with an incidence rate of 0.04–0.3%, and 0.6–2%, 
respectively [54]. The recent achievements in nanosized 
contrast agents have the auspicious capacity to form FFA 
for AMD, which may diminish the NPs adsorption in the 
ophthalmic tissues and improve cellular toxicity facets 
[55].
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Due to the potential ability of nanodiscs and gold 
nanorods, these nanomaterials have been studied as con-
trast agents to improve optical coherence tomography 
(OCT) and increase visualization of eye structures for 
early detection. Gold NPs have been examined for home 
screening for diabetic retinopathy by a urine-based col-
orimetric test paper that links with a smartphone for 
screening biomarkers of diabetic retinopathy by cap-
turing color with the camera. The 8-hydroxy-2’-deox-
yguanosine, is an oxidative stress DNA decomposition 
product from hyperglycemia and is a known diabetic 
retinopathy/nephropathy biomarker. The gold NPs exhib-
ited 81% specificity and 91% sensitivity. Though there was 
no association with the severity of diabetic retinopathy, 
the results showed that NPs have the capacity of screen-
ing for retinal diseases [83].

Cai et  al. have produced ranibizumab-loaded double 
imaging and therapeutic (S-PEG-ICG-RGD-RBZ) NPs 
via conjugation of polyethylene glycol (PEG) with core 
cross-linked star polymers and also more modified by 
ICG and RGD for CNV. Following in  vivo and in  vitro 
evaluations, NPs did not show any cytotoxicity, genotox-
icity and, apoptosis on mouse CNV (choroidal neovascu-
larization) models and RPE (retinal pigment epithelium) 
cell lines, respectively. Moreover, the produced NPs 
prevented the VEGF-induced proliferation and tube 
formation. Additionally, it limited the VEGF and CD31 
expression in the human cells and also repressed the 
CNV progression in the mouse model. Conclusively, flu-
orescence images of NPs in the ophthalmic fundus of the 
rodent eye detected the targeted fluorescence imaging 
of CNV regions and did not stay for a long period in the 
other organs [56].

Colloidal gold nanoparticles (GNPs) are hopeful con-
trast agents for molecular imaging. Nguyen et  al. syn-
thesized chain-like GNPs (CGNP) clusters-RGD for 
increased molecular imaging via combining RGD pep-
tides and ultra-pure CGNP clusters, showing a red-shift 
peak 650  nm wavelength. The designed NPs presented 
outstanding biocompatibility and photostability and 
can disassemble to help eliminate from the body. Nota-
bly, intravenous administration of CGNP clusters RGD 
through the marginal ear vein attached to CNV, causing a 
176% increase in OCT signal and an enhancement of up 
to 17-fold in the photoacoustic microscopy signal, which 
is useful for visualization of newly formed blood vessels 
in the subretinal space [57] (Fig. 4).

The early diagnosis of retinoblastoma (RB) is the 
main feature of successful therapy [58]. Nano-based 
technologies propose different nanomaterials for hope-
ful early diagnosis and ongoing surveillance of treating 
cancer patients [16, 17, 53, 59]. In recent times, numer-
ous nanosystems have been designed to increase the 

image quality of conventional imaging systems [60–63]. 
But, adequate research efforts have not been done to 
increase the performance of conventional ophthalmic 
imaging methods, including OCT, MRI, and ultrasound 
imaging via nanosystems [64]. However, these nanosys-
tems have exhibited remarkable capacity for increas-
ing the quality of imaging and detection of retinal 
disorders.

Moradi et  al. investigated the efficacy of the brachy-
therapy by ultrasonic hyperthermia method in the pres-
ence of gold NPs on eye RB tumors in a rabbit model. 
The area of the tumor was evaluated at day zero and after 
21 days by an ultrasound B-mode imaging method. There 
was a big difference between the tumor region changes 
in the combined group and the other study groups. The 
finding showed that gold NPs have a large capacity in var-
ious imaging systems, such as ultrasounds [65].

Vasculature visualization is one of the significant 
applications of AuNPs in ocular imaging. Nguyen et  al. 
administrated PEG-capped AuNPs 20  nm in size into 
the rabbits as intravenously. These AuNPs showed high 
PAI and OCT contrast. When the AuNPs circulated into 
the choroidal and retinal vessels in the living rabbits, the 
photoacoustic signal of the blood vessels was increased 
by 82%. The administrated AuNPs provide the possibility 
for blood vessels detection using photoacoustic micros-
copy. As well, the AuNPs facilitated visualizing retinal 
neovascularization and monitoring dynamic changes 
which happen as a consequence of retinal vein occlusion 
in the living rabbits [66].

The in vivo photothermal OCT in the eye, was studied 
for both melanin and gold nanorods as endogenous and 
exogenous absorbers, respectively [67]. This technique is 
an OCT-based practical approach generated in a sample 
for absorbers detection. Albino and pigmented mice were 
applied to isolate the photothermal signal from the mela-
nin in the retina. Following the systemic administration 
of gold nanorods to examine their passive accumulation 
in the retina, the pigmented mouse with laser induced 
CNV lesions were also observed. This study has shown 
the combining ability of the PT-OCT technique with 
gold nanorods to image the distribution of both exoge-
nous and endogenous absorbers in mice eyes. Tzameret 
et al. assessed the in vivo monitoring with MRI and also 
the long term protection of IO/HSA NP delivery into the 
suprachoroid of a rat retinalmodel [68]. In another study, 
Jaidev et al. evaluated the effectiveness of fluorescent iron 
oxide NPs against RB cell imaging [69]. Sulforhodamine 
B was absorbed on the albumin over oleic acid-coated 
iron oxide NPs. In the MRI research, nanomaterials show 
a big negative contrast with normal cells and non-cyto-
toxic cancer cells, proposing their bioavailability. Up to 
now, iron oxide NPs have been the most utilized NPs in 
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MRIs. The coating procedure could reduce specific toxic-
ity and stability issues [70].

In conclusion, the development of specific and sen-
sitive approaches or tools for the diagnosis of ocular 
diseases can be useful for world health. Simple and inex-
pensive approaches that yet have great accuracy; can be 
developed worldwide. For detection of ocular diseases, 
ranibizumab-loaded double imaging and therapeutic 
(S-PEG-ICG-RGD-RBZ) NPs, [56] exhibited the best per-
formance, with regard to good biocompatibility, without 
any cell dead, cellular toxicity, genotoxicity or apoptosis 

of developed nanoplatform, however, nanodiscs and gold 
nanorods reported in this section displayed favorable 
performance for early detection of diabetic retinopathy 
regarding high specificity and sensitivity.

The application of nanomaterials for the treatment 
of ocular diseases
Due to their nanoscale size and surface characteristics, 
nanocarriers have the possibility to overwhelm the ocu-
lar barriers and could deliver drugs at the interested site. 

Fig. 4 Chain-like clusters of gold nanoparticles (CGNP) increased molecular imaging for optical coherence tomography and multimodal 
photoacoustic microscopy (PAM). Experimental setup of OCT/PAM systems. a Schematic representation of the imaging technique. b Physical setup. 
In the PAM method, nanosecond excitation laser is concentrated on the retina. For multidimensional imaging, the excitation laser beam employed 
to induce photoacoustic signal was coaxially aligned with OCT multispectral luminescence with a center wavelength (805 and 905 nm). Using a 
needle-shaped hydrophone ultrasonic transducer, the produced acoustic signal was detected and the recorded data was utilized to reproduce PAM 
images. It employed a spectrometer for detecting the reflected OCT light that interfered with the interference intensity spectra and the reference 
light. By using a galvanometer, the retina was scanned. c Demonstration of in vivo multidimensional imaging following intravenous administration 
of CGNP clusters-RGD into the rabbit model. By using nanosecond-pulsed laser light at 578/650 nm, photoacoustic signals from the rabbit’s retina 
were produced [57]
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Various nanocarrier systems and their targeting capabil-
ity are given in Fig. 5.

Magnetic‑based materials for the treatment of ocular 
diseases
Magnetic nanoparticles (MNPs) are different from the 
other nanocarriers owing to the magnetic features that 
make them unique for drug delivery [71]. Drug molecules 
could be conjugated to the MNPs shell to be introduced 
into the body and be concentrated in a local region due to 
the impact of an external magnetic field. Due to the great 
surface/volume ratio, it provides many chemically active 
sites for conjugation of the biomolecule [72]. It enhances 
the circulation time of drugs into the body and also the 
possibility of getting to the target site. Moreover, the 
functionalized MNPs could act as hyperthermia agents, 
offering an extra therapeutic impact since enhancing 
temperature in a special site causes cancer cell death 
without changing normal cells [73, 74]. Also, MNPs 
could be easily visualized by MRI by the use of an exter-
nal magnetic field [75]. The most common MNPs applied 
in biomedical uses are maghemite (ɣFe2O3) and mag-
netite (Fe3O4) owing to their excellent stability and bio-
compatibility [76]. Besides, gold, silica, and silver NPs are 
among the MNPs that have a critical role in the diagnosis 
and treatment of many diseases [77]. It has been shown 

that the physicochemical features of MNP affect cellular 
responses such as cytotoxicity and internalization rate 
[78]. It is vital to predict all these parameters in the NPs 
synthesis to get the maximum therapeutic effects [73].

Magnetic iron oxide‑based material for applications 
in ocular treatments
Specifically, iron oxide NPs offer an auspicious drug deliv-
ery system due to their biodegradability and non-toxicity 
[79–81]. Additionally, owing to the  high iron content 
they could be detected in vivo using MRI [82, 83]. More-
over, various MNPs have FDA-approved for medical pur-
poses, mainly MRI. In the following, we will review the 
recently published studies of magnetic iron oxide-based 
material for applications in ocular treatments.

Yanai et al. utilized superparamagnetic iron oxide NPs 
to magnetize rat mesenchymal stem cells (MSCs) for 
delivery of cells to the diseased region in the dystrophic 
retina. Fluid- MAG-D-treated MSCs were intravitreally 
administrated in a retinal degenerative transgenic rat. 
The findings exhibited that delivery of magnetic MSC to 
the retina enhanced tenfold in comparison with normal 
intravitreal administrated cells. Besides, magnetic NPs 
therapy together with orbital magnet resulted in con-
siderably greater levels of anti-inflammatory molecule 
hepatocyte growth factor and IL-10 in the retina. These 

Fig. 5 Targeting capability of various nanocarrier platforms. The penetration of nanodrugs through the ophthalmic barrier on topical administration 
for ocular disease therapy. The symbols next to the nanocarriers show the penetration or targeting ability of the related nanocarriers [3]
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results proposed that this method might offer optimal 
benefit in the outer retinal disorders such as AMD that 
controlled delivery to the focal cells is needed because 
it could deliver a greater drug load to the target site and 
result in therapeutically beneficial biochemical changes 
in the dystrophic retina [84].

Giannaccini et al. have utilized magnetic iron oxide as 
intraocular delivery for targeting the RPE layer. They uti-
lized MNPs as nanocarriers for ophthalmic drug delivery 
through intraocular administration in Xenopus embryos, 
which was able to target the RPE layer and was stable for 
weeks. Furthermore, the distribution and localization of 
MNPs in the RPE layer were not dependent on the phys-
icochemical features of particles [85].

Seongtae Bae et  al. developed magnetically softened 
iron oxide (MSIO) nanofluid, PEGylated Fe2O4 for local 
induction of heat shock proteins (HSPs) 72 in retinal gan-
glion cells for eye neuroprotection. The RGCs cultured 
with MSIO nanofluid effectively provoked the induction 
of HSPs 72. Besides, it was fascinatingly seen that system-
atic control of “AC magnetically-induced heating up rate” 
attaining a fixed heating temperature of HSPs 72 induc-
tion permitted to get increased induction efficacy at the 
slowest AC heating up rate throughout MNFH. Along 
with in  vitro experimental confirmation, the investiga-
tions of MSIO infusion performance with animal models 
and a recently produced magnetic coil system exhibited 
that MSIO has hopeful potential for heat-mediated HSPs 
agents for managing glaucoma in the future [86].

Mehrzad Zargarzadeh et al. have offered a novel drug 
delivery system by Avastin–Fe3O4 nanocomposites pro-
duced via a coprecipitation approach to overcome vari-
ous difficulties of common therapies for AMD (Fig.  6). 
The flow cytometry results exhibited that 90.5% of NPs 
were Avastin loaded. This new approach could be sub-
stituted with common therapies due to the long-term 
release of Avastin rather than numerous injections and 
decreasing the adverse effects because of the high con-
centration of Avastin in the posterior eye segment [87].

Yan et al. have developed a successful drug career with 
engineered Fe3O4 NPs as a facile platform for delivery of 
ranibizumab in AMD therapy. The results of this study 
showed that Fe3O4/PEG-PLGA polymer nanomateri-
als play an effective role in inhibiting tube formation in 
the Matrigel-based assay approach with human umbilical 
vein endothelial cells. The evaluations also showed that 
ranibizumab-treated nanomaterials do not disrupt cell 
proliferation and the results cannot show any consider-
able differences in human endothelial cells. The results 
illustrate that Fe3O4/PEG-PLGA nanomaterials might 
be very promising as a new formulation for neovascular 
AMD therapy [88].

In a recently published study, Adi Tzameret et  al. 
assessed the long-term safety and capability to track the 
Fe3O4 NPs coated with human serum albumin injected 
into the SCS of a retinal degeneration rat model. In this 
study, 20-nm IO/ HSA NPs were administrated via supra-
choroidal injection into the right eyes of twenty-five RCS 
pigmented rats, and the left eye, which was considered a 
control, was not injected. The histological results showed 
that IO/HSA NPs are detectable in the back segment of 
the eyes 6 weeks after injection. Also, MRI results exhib-
ited that these NPs are detectable up to 30  weeks. No 
considerable differences in the retinal function and struc-
ture were detected among injected and noninjected eyes 
[68].

Demirci et al. revealed that IONPs may act as effective 
therapeutic nano-heaters able to target drug delivery in 
the eye via intravitreal injection and the use of an exter-
nal magnetic field for the retinoblastoma treatment. The 
applied IONPs were tested in the Y79 retinoblastoma cell 
line, leading to the killing of retinoblastoma cancer cells 
through the activation of the apoptotic pathway [89].

Recently, Bassetto et  al. developed a topical, noninva-
sive, and magnetically aided delivery system that employs 
the capability of Fe3O4 NPs to load valproic acid and 
guanabenz with anti-unfolded protein response fea-
tures towards the retina. Using MRI, they indicated the 
existence of Fe3O4 NPs in the retina of Barded-Biedl 
syndrome wild-type mouse, and their photoreceptor 
localization was confirmed by transmission electron 
microscopy (TEM). This technology expands the use of 
small molecule drugs for the treatment of a wide range 
of retinal degenerations and other ophthalmic disorders 
[90].

To date, various magnetic iron oxide-based materi-
als have been applied for the treatment of ocular dis-
eases. With respect to the analytical performance of the 
reported magnetic iron oxide-based materials in this sec-
tion, the nanoplatform developed by Adi Tzameret et al. 
exhibited the best performance due to good safety of 
suprachoroidal administration of Fe3O4 NPs and capa-
bility for long-term detection of the NPs coated with 
human serum albumin injected into the SCS of a retinal 
degeneration rat model [68]. Besides, the nanomaterial 
designed by Seongtae Bae et  al. can be a great example 
of magnetic iron oxide-based materials and has hopeful 
potential for heat-mediated HSPs agents for managing 
glaucoma in the future [86].

Magnetic gold‑based materials for applications in ocular 
treatments
Gold nanoparticles (GNPs) are considered auspicious 
platforms for biosensing and therapy due to their low 
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Fig. 6 Designing Fe3O4–Avastin nanocomposite as a potential drug for AMD therapy. a Preparation and dextran coating of iron oxide NPs b 
Thiolation of Avastin c, d Avastin loading on the surface of Fe3O4 NPs e Intravitreal injection of Fe3O4–Avastin nanocomposite for AMD Therapy 
[87]
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cytotoxicity, and exceptional optical and very tunable 
properties [91, 92]. Recent examples of gold-based mate-
rials for applications in ocular treatments are reviewed 
below.

Cho et al. have utilized topically administered gold NPs 
for inhibition of corneal neovascularization in mice. They 
showed that the neovascularized area in the gold NP-
treated group was decreased by 39%, and also the expres-
sion of VEGFR-2 was diminished, which prevented the 
inflammation [93].

Salem et al. have examined a formulation of liposomal 
flucytosine capped with gold NPs for increasing intraoc-
ular permeation and therapeutic effectiveness. The find-
ing of this study showed that the topical administration 
of flucytosine capped with gold NPs could be successfully 
used for the treatment of the experimental C. Albicans 
cornea infection [94].

Akihiro Hoshikawa et  al. developed ranibizumab/
PEG-conjugated gold NPs (AuNPs) as a new platform for 
the delivery of ranibizumab. Ranibizumab/PEG-conju-
gated AuNPs were successfully produced. It was shown 
that ranibizumab/PEG-conjugated AuNPs successfully 
repressed the tube formation of human umbilical vein 
endothelial cells based on Matrigel in vitro. Surprisingly, 
PEG-conjugated AuNPs without ranibizumab prevented 
the tube formation. The ranibizumab/PEG-conjugated 
AuNPs don’t disturb cell proliferation in human cells. 
The results propose that ranibizumab/PEG-conjugated 
AuNPs could be utilized as a new formulation against 
angiogenesis-associated disorders such as AMD [95].

Maulvi et  al. studied the effect of GNPs on loading 
and its release from the contact lens using the soaking 
approach. In the first method, GNPs were loaded into 
the timolol soaking solution, and in the second method, 
GNPs were included in the contact lenses in the course of 
fabrication. The finding showed a considerable increase 
in the drug uptake and loading capability of therapeutic 
contact lenses with the presence of GNPs in the solution. 
The in vivo evaluations exposed that these contact lenses 
enhanced the deposition of drugs inside the intraocular 
tissues, thereby extending the IOP-lowering time [96].

It has been reported that the resveratrol-coated gold 
NPs administrated in streptozotocin-induced diabetic 
rats can offer a protective impact in the case of diabetic 
retinopathy for three months. This protective impact of 
gold NPs can assist to recover the balance of the inhibi-
tors and stimulators of the angiogenesis procedure 
via the inhibitory impacts of the ERK1/2 pathway and 
expression of NF-κB (nuclear factor kappa B), which can 
diminish permeability and inflammation of the blood-
retinal barrier (BRB) in the diabetic rats. Besides, there 
was a considerable reduction in all the retinal mRNA 

expressions of VEGF-1, interleukin 6 (IL-6), and tumor 
necrosis factor-alpha (TNFα) [97].

It was found that plasmid DNA-wrapped gold NPs can 
be effectively internalized in ARPE-19 cells with great 
transfection efficacy. These findings were verified with 
the initial expression of a reporter gene that was observed 
at 16-h after transfection. The findings illustrate a possi-
bly effective gene delivery route to RPE cells by gold NPs; 
however, they suggest that the mechanism of cell interac-
tion with gold NPs should be more perceived to enhance 
the transfection effectiveness of these particles and evade 
the autophagic pathways of the particles to ensure the 
effect of stable gene expression in their system [98].

Gold-coated MNPs were produced and coated with 
ranibizumab as an ophthalmic drug delivery system. 
Ranibizumab conjugation on NPs was done by the physi-
cal adsorption approach. The ranibizumab amount on 
the NPs surface was determined using thermogravimet-
ric assay. In vitro release analyzes showed approximately 
60% of antibodies were released in the initial 30  min. 
Also, the activity of antibodies following release analy-
ses was verified with ELISA assay. Nontoxicity of gold-
coated Fe3O4 particles was shown with MTT. The results 
revealed that the antibody-conjugated MNPs can be a 
possible treatment system for eye disorders [99].

The outstanding features of AuNPs make them a good 
carrier to carry and release drugs at a specific site in a 
controlled mode. Recently, VivekDave et  al. produced 
AuNPs using green synthesis for diabetic retinopathy 
therapy (Fig. 7). These NPs have been modified with FA-
b-PEG co-polymer for the directed delivery of Sorafenib 
tosylate. This chosen drug acts on VEGF-receptors in the 
retinal neovascularisation region. Histopathological anal-
yses and fundus photography has been utilized for the 
in vivo characterization of the prepared dosage form and 
it has been found that it could be a successful therapy for 
diabetic retinopathy [100].

Recently, P.S. Apaolaza et  al. used hyaluronan to 
enhance the mobility of NPs and target them to HA 
receptors expressed in various eye cells. Combining HA 
and gold increased the stability of the whole carrier and 
their distribution across ocular tissues and barriers to 
reaching the retina. Furthermore, in  vitro and ex  vivo 
assays showed the anti-angiogenic effect of gold NPs as 
inhibitors of AGEs mediated retinal pigment epithelial 
cell death and neovascularization. They revealed that NP 
conjugation with HA increases the distribution and sta-
bility of gold NP owning to a particular CD44 receptor 
interaction. The ability of HA-gold NPs to distribute via 
the vitreous humor and their avidity for the deeper retinal 
layers ex vivo, propose that HA-gold NPs are auspicious 
delivery platforms for ocular neovascularization-related 
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diseases [101]. Following intracameral administration, 
the surface/size-dependent distribution of the NPs was 
investigated after ex vivo perfusion of porcine eyes. Fur-
thermore, to assess the effective cellular uptake of the 
NPs, in  vitro cell culture experiments were done. HA-
AuNPs showed excellent colloidal stability. Even after 
ex vivo use in porcine eyes, the HA coating inhibited NPs 
aggregation within the trabecular meshwork. NPs with 
a 120 nm diameter showed the greatest volume-based 
accumulation in the trabecular meshwork. Off-target 
tissues in the anterior chamber showed an outstand-
ingly low gold content. The results of this research are 
especially significant for NPs with encapsulated anti-
glaucoma drugs owning to a greater particle volume that 
might be accompanied by a better drug load [102].

In conclusion, among the magnetic gold-based materi-
als presented in this section, nanoplatform synthesized 
by Maulvi et al. showed the best performance due to its 
non-cytotoxic, non-immunogenic and biocompatible 
nature of GNPs and illustrated notable enhancement 

in the deposition of drug with the GNPs-laden contact 
lenses in the conjunctiva and ciliary muscle [96]. As well 
as, resveratrol-coated gold NPs reported by Dong et  al. 
displayed great performance in the treatment of diabetic 
retinopathy with respect to the protective effect of gold 
NPs on streptozotocin injected diabetic rats that can aid 
in redeveloping the balance between the stimulators and 
inhibitors of angiogenesis [97].

Magnetic silica‑based materials for applications in ocular 
treatments
Mesoporous silica nanoparticles (MSNs) have presented 
great capacity in drug delivery owing to great stability, 
high surface area and pore volume, and changeable pore 
diameter [103]. The research interest of MSNs is due 
to the easy production and the adaptability of the drug 
combination and surface functionalization; actually, they 
could integrate inorganic material inside or on the struc-
ture surface and an extensive variety of molecules could 

Fig. 7 Production of AuNPs using green synthesis for diabetic retinopathy therapy [100]
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be linked to the surface of silica due to flexible silane 
chemistry. Also, SiNPs are stable and biocompatible car-
riers with extended blood circulation because of their 
hydrophilic surface [104–106]. Here, recent examples of 
silica-based magnetic materials for applications in ocular 
treatments are given.

Park et  al. performed a study to assess the cytotoxic-
ity of various sizes of silica NPs (SiNPs) on the surface 
of ocular cells such as human corneal epithelial cells 
(HCECs). The findings of this study proposed that cel-
lular autophagy pathway activated with the adding SiNPs 
without any considerable cytotoxicity in the cultured 
HCECs [107].

Pilocarpine-encapsulated MSNs gelatin-covered, pre-
pared by Liao et al. let progressive and continuous drug 
leakage from their porous structure throughout the slow 
gelatin degradation and attained 21  days reduction of 
IOP following one intracameral injection. They showed 
that the matrix metalloproteinase-2 expression in the 
anterior chamber causes gelatin degradation, which pro-
duces a moderately acidic environment that permits pilo-
carpine release from G-MSN and decreases IOP. Animal 
and cellular studies results proved the controlled release 

of pilocarpine, and its effect on the reduction of IOP. So 
developed nanocarriers could be possibly beneficial in 
glaucoma therapy [108].

Brimonidine eye drops showed restricted efficacy in 
glaucoma therapy owing to their fast elimination from 
preocular space. To overcome this problem, Kim et  al. 
performed a study on the delivery of brimonidine with 
amino-functionalized mesoporous silica (AMS) particles 
such that AMS particles adhere to the mucous layer and 
let high preocular residence time. When topically admin-
istered into the rabbit’s eyes, BMD-AMS remained for 
up to 12 h in preocular space. The findings showed that 
the duration of IOP reduction and the area under the 
drug concentration in the aqueous humor-time curve in 
BMD-AMS were twice as many compared to Alphagan 
P. The results exhibited the enhancement in ophthalmic 
bioavailability of brimonidine with BMD-AMS [109].

Lin et al. utilized, a nanostructured photothermal ring 
integrated intraocular lens (Nano-IOLs), in which the 
rim of C-IOLs (Commercial IOLs) is decorated with Au@
SiO2 (silica-coated Au nanorods) that could successfully 
avoid posterior capsule opacification (PCO) that happens 
following cataract surgery (Fig.  8). The Nano-IOLs can 

Fig. 8 The graphical representation of Nano-IOLs to prevent PCO; a The digital figure; b Nano-IOLs with nanostructured Au@SiO2 external rim; 
c The mechanism of action of Nano-IOLs for PCO prevention. The Nano-IOLs implanted in the cataract rabbit eyes prevent the lens fibrosis via 
area-confined photothermal therapy under the Near-infrared irradiation. Adapted with permission from [110]
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eliminate the residual lens epithelial cells (LECs) around 
Nano-IOLs under mild laser therapy and block the for-
mation of disordered LECs fibrosis, which finally results 
in vision loss. In  vivo studies show that using Nano-
IOLs, PCO incidence is about 30%-40% in rabbit models, 
which is considerably lower than the control group that 
was treated with C-IOLs 30 days post-surgery. The find-
ings showed that spatial controllability of photothermal 
effect of nanomaterials can offer an exceptional method 
to intervene the PCO-mediated vision loss [110].

Jin Yang et al. used CeCl3@mSiO2 NPs with an approx-
imate size of 87.6  nm for a streptozotocin-mediated 
diabetic cataract rat model with intraperitoneal admin-
istration. The results of this study demonstrated that 
CeCl3@mSiO2 effectively alleviates diabetic cataract 
progression. Along with the antioxidant effect of CeCl3@
mSiO2 in  vitro, injection of CeCl3@mSiO2 consider-
ably abolished hyperglycemia-induced upregulation of 
advanced glycation end products, protein carbonylation, 
and lipid peroxidation in the animal lens [111].

Notably, MSNs can successfully enter the cornea. Hu 
et al. produced SNP-loaded MSNs as eye drops for sus-
tained release of NO at the Schlemm’s canal area and 
trabecular meshwork. In  vivo assays showed extended 
diminution of IOP from 3 to 48  h through the MSNs 
involvement, with just 1/40 of the dose of SNP solution 
[112]. However, the possible toxic effects of SNP on the 
common outflow tissue has found that the continuous 
usage of this NO donor may lead to protein nitration. 
Moreover, the involvement of magnesium hydroxide 
NPs has led to increased corneal permeability and IOP-
diminishing efficacy of hydrophilic antiglaucoma drugs 
[113, 114].

In the conclusion of this section, we found that the 
Nano-IOLs platform designed by Lin et  al. is a highly 
efficient approach for intervening in the PCO-mediated 
vision loss regarding its great biocompatibility and also 
exceptional area-confined photothermal effect [110]. 
However, CeCl3@mSiO2 NPs developed by Jin Yang 
et  al. showed favorable performance for effective alle-
viation of diabetic cataract progression due to its bio-
compatible and biodegradable features and reduction of 
antioxidant enzyme activity, lipid peroxidation, and also 
scavenges free radicals [111].

Polymeric‑based materials for the treatment of ocular 
diseases
Because of their mucosal adhesive properties, poly-
mers are extensively used as drug carriers in ocular drug 
delivery. This  polymer, s property increases the shelf life 
of the drug in the cornea and conjunctival epithelium, 
facilitating the reduction of the rapid clearance of the 
drug from the eye, which is frequently experienced with 

topical ophthalmic formulations [115]. Some polymers 
have been presented to be stimuli-responsive, permit-
ting them to release an active ingredient after a change in 
conditions, for example, changes in pH, temperature, and 
pressure. Similarly, smart polymers have been employed 
in  situ as gelling systems. A further advantage to the 
usage of some polymers is their biodegradability such 
that they are broken down by the body into nontoxic ele-
ments. After breaking the polymer, the drug is released, 
leading to constant drug release profiles. Biodegradability 
eliminates the need for manual removal of the drug deliv-
ery system, which is particularly significant in the devel-
opment of ocular implants [116, 117].

Recently, some polymers such as microspheres [118, 
119], micelles [120], and hydrogels [121] have been stud-
ied for utilization as a carrier for sustained drug deliv-
ery in the eye. Among these, hydrogels have obtained 
considerable attention because of their versatile features 
[121, 122]. These polymeric materials could absorb high 
quantities of water and have the ability to modify their 
physical characteristics, e. g. transitioning from solution-
to-gel, or gel-to-solution, in response to external stimuli, 
for example, temperature, pH, magnetic field, and ionic 
strength [123, 124]. In the following, two classes of pol-
ymeric-based materials for the treatment of ocular dis-
eases will be discussed.

Lipid‑based materials for the treatment of ocular diseases
Solid lipid nanoparticles (SLNs) with an average size of 
10-1000 nm are made of solid lipids whose core lipid 
matrix can dissolve hydrophobic parts. Site-specific 
drug delivery, excellent biocompatibility, high stability, 
high drug entrapment with customizable particle size, 
high surface-to-volume ratio, low manufacturing cost, 
etc. make SLNs attractive carriers for ophthalmic drug 
delivery [125, 126]. The hydrophobic system of lipid 
molecules interacts with water, causing self-assembly of 
lipids through liposome formation. Figure 9 shows some 
different lipid-based nanocarriers (Fig. 9a) and the proce-
dure followed by lipid-based nanocarriers overwhelming 
the ocular barrier (Fig.  9b). Recent examples of lipid-
based materials for the treatment of ocular diseases are 
reviewed below.

Balguri et al. investigated the therapeutic effect of SLNs 
and nanostructured lipid carriers (NLCs) of indometha-
cin by topical use. This NPs system presents a greater 
efficacy for drug loading and entrapment capacity. These 
lipid-based nanoparticulate systems could be employed 
as viable carriers in ocular infection therapy and can 
facilitate the delivery of drugs into the anterior and pos-
terior ocular tissue segments [127, 128].

Natamycin (NAT) as the first FDA-approved drug 
used to treat fungal keratitis suffers from poor corneal 
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penetration, which restricts its effectiveness in the treat-
ment of deep keratitis. Amoabediny, Ghasem et al. pro-
duced NAT-SLNs to achieve sustained drug release and 
enhanced permeation into the corneal. It was found 
that NAT-SLNs are nonirritating to corneal tissue. This 
formulation showed an extended drug release rate that 
increased corneal penetration, and enhanced antifun-
gal activity with no cytotoxic effects on corneal tissues. 
Therefore, NAT-SLNs offer an auspicious ophthalmic 
drug delivery system for treating deep corneal keratitis 
[129].

Zhenjie Mo et  al. produced a new Bimatoprost (BIM) 
NPs-loaded pH-sensitive in-situ gel for glaucoma ther-
apy. In-vitro and ex-vivo assays of BIM-SLN4, SLN-ISG3 
exhibited drug release for a long time. HET-CAM test 
exposed that this nanoformulation is nonirritant and 
therefore could be well-tolerated when used in the eye. 
Also, histopathological investigations did not show any 
tissue damage signs. So, SLN-ISG could offer better glau-
coma management [130].

Arpita Bhattacharjee et  al. developed amphotericin B 
(AmB)-loaded PEGylated-NLC and investigated its ocu-
lar distribution ability after topical use. AmBPEG2K-NLC 
cytotoxicity was examined in human RPE cells. In  vivo 
ocular biodistribution of AmB was assessed in rabbits, 
after topical use of PEGylated-NLCs or marketed AmB 
preparations. PEGylation considerably inhibited AmB 
leaching and improved the drug loading. No toxicity was 
observed up to the highest concentration of AmBPEG2K-
NLC. After topical application, AmB was recognized in 
all the ocular tissues and statistically significant (p > 0.05) 
difference was not seen between the formulations exam-
ined [131].

The formation of new blood vessels is straightly asso-
ciated with the ocular disease’s occurrence. Anti-angio-
genic medicines could be employed in the treatment of 
eye disorders. In a study by Shuai Shi et al. axitinib was 
loaded through the amphiphilic co-polymer MPEG-PCL, 
increasing its ability to dispersion in water. Axitinib-
loaded micelles displayed low toxicity in concentration 

Fig. 9 a Different lipid-based nanocarriers b The procedure followed by lipid-based nanocarriers overwhelming the ocular barrier [70]. NLCs: 
Nanostructured lipid carriers; CSNs: Core/shell nanoparticles
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gradient evaluates. Moreover, numerous doses with 
scratch tests proved that axitinib did not have any con-
siderable impact on the migration of normal cells, and 
the results of the biosafety assay exhibited great cell bio-
compatibility. Following the development of the corneal 
neovascularization model after an alkali burn in rats, 
the anti-angiogenic effectiveness was investigated, with 
the positive control (dexamethasone). The results of this 
study exhibited that axitinib-loaded micelles had anti-
angiogenic impacts without noticeable tissue toxicity. It 
is concluded that axitinib could be utilized in the treat-
ment of ophthalmic neovascular disorders via nanocrys-
tallization [132].

Statins are extensively recommended for cardiovas-
cular disorders, as well, it has been used to treat AMD. 
However, the blood-aqueous barrier and low bioavailabil-
ity can reduce the ocular statins concentration after oral 
administration. Monika Yadav et al offer local use of ator-
vastatin (ATS) loaded into SLNs, as self-administrable 
eye drops. High molecular weight, instability, and insol-
ubility of ATS, and whether SLNs reach the back of the 
eye were the challenges to be faced. ATS-SLNs that were 
produced by appropriate constituents, quality based on 
design method, and scalable hot high-pressure homog-
enization, were assessed widely for ophthalmic appro-
priateness. ATS-SLNs were 8 (in aqueous) and 12 (in 
vitreous humor) times further bioavailable, compared to 
free ATS. ATS-SLNs showed good ocular safety, 2.5-fold 
corneal flux, and 13.62-fold stability. Fluorescein-labeled 
SLNs observed in the eye after using as eye drops offer 
reliable evidence of efficient delivery. Perinuclear fluores-
cence in ARPE-19 cells verifies the useful F-SLNs uptake. 
Extended retention time up to 7 h, was ascribed to the 
mucus-penetrating feature of ATS-SLNs [133].

Kaichao Song et  al. studied the capacity of glycyrrhi-
zin-based self-assembled nanomicelles in ocular topical 
uses. It was found that DG-THY improves in vitro release 
and antioxidant activity, and the THY permeability. This 
ophthalmic solution was well tolerated in the rabbit 
model. The DG-THY ophthalmic solution showed clear 
enhancement in the in vivo and ex vivo intraocular THY 
penetrations as well as reduced minimum inhibitory and 
bactericidal concentrations. Also, the DG-THY solution 
considerably alleviated the symptoms of eye infection in 
the rabbit eyes. Thus, the findings revealed that DG-THY 
might be an auspicious ocular formulation for the treat-
ment of inflammation-, oxidative stress- and bacteria-
related ocular diseases [134].

Besifloxacin hydrochloride (BSF), as a novel ocular 
antibiotic, suffers from poor water solubility, limiting its 
therapeutic efficiency. Mirza Salman Baig et al. described 
a new lipid-based drug delivery system to increase the 
BSF ocular bioavailability. Cationic nanostructured lipid 

carriers (CNLC) were formulated and the surfactant 
hexadecyltrimethylammonium bromide (CTAB) was uti-
lized for optimization of the surface charge of the NPs. 
The CNLC cell internalization is enhanced when the 
concentration of CTAB is enhanced in CNLC-BSF. This 
nanoformulation exposed suitable permeation charac-
teristics throughout the 3D tissue model. The cytotoxic-
ity evaluated using the MTT test exhibited at least 60% 
cell viability on the conjunctival fibroblast model with the 
administration of 0.6 mg/mL BSF [135].

An overview of the reported lipid-based materials for 
the treatment of ocular diseases, revealed that the ATS-
SLNs designed by Monika Yadav et  al. showed the best 
performance, as self-administrable eye drops, due to 
great bioavailability and stability, extended retention time 
compared to free ATS as well as good ocular safety [133]. 
However, nanoformulation reported by Zhenjie Mo et al. 
showed good efficacy for the treatment of glaucoma 
with regard to long-time drug release and good biosafety 
[130].

Polysaccharide‑based materials for treatment of ocular 
diseases
In recent decades, extensive research efforts have been 
made to develop polysaccharide-based biomateri-
als which could be facilely accepted by tissues and cells 
[136]. In comparison with synthetic nanomaterials, pol-
ysaccharide-based nanocarriers show superior efficiency 
in respect of the retention of drug and ocular penetrabil-
ity through the permeation of mucin chains [137–139]. 
For instance, chitosan, as a kind of polysaccharide with 
positive charge and linear structure, could closely com-
bine with the negatively charged conjunctiva and cornea. 
Therefore, this electrostatic interaction increases the per-
meation ability and extends the residence time [140]. Fur-
thermore, polysaccharides are usually present in the eye, 
e. g. hyaluronic acid, one of the main ingredients of the 
vitreous. Developing research has shown the polysaccha-
rides’ biocompatibility and their derivative nanomaterials 
for ocular delivery [141–144]. Evidence obtained shows 
their good tolerance, biosafety, and greater bioavailability, 
hence, polysaccharide-based nanocarriers have obtained 
much attention for medical uses [145]. In the following, 
we will review the recently published studies of polysac-
charide-based materials for ocular disease therapy.

In a study by Dan Liu et al. to increase the ophthalmic 
bioavailability of moxifloxacin hydrochloride, hyaluronic 
acid-modified lipid polymer hybrid NPs (HA-LCS-NPs) 
have been prepared. To evaluate the mean retention time, 
area below the curve of HA-LCS-NPs, and the corneal 
penetration in rabbits, in  vitro and in  vivo assessments 
were done. The in vivo results indicated that mean reten-
tion time is up to 6.74-fold and the area below the curve 
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of HA-LCS-NPs is 4.29-fold greater than those on the 
market. Also, the in vitro results indicated that the pen-
etrability of HA-LCS-NPs was enhanced by 3.29-fold 
than commercial products. Additionally, compared to 
common formulations, the ex  vivo results of fluores-
cence imaging indicated that the fluorescence strength 
was greater in the conjunctiva and cornea following HA-
LCS-NPs administration. Ultimately, an eye irritation test 
showed that HA-LCS-NPs exhibited outstanding eye tol-
erance. It is concluded that the hyaluronic acid-modified 
lipid polymer hybrid NPs with multifunctional features 
may be a hopeful ophthalmic drug delivery system for 
long-term precorneal retention, enhanced cornea pen-
etrability, and improved ocular bioavailability [146].

Neeraj Mittal et  al. designed timolol maleate (TML)-
loaded polymeric NPs for ophthalmic delivery by ionic 
gelation approach. The formulated NPs exposed sig-
nificant bioadhesive ability and showed sustained 
drug release in experimental evaluations. The ex  vivo 
transcorneal penetration research showed greater cor-
neal TML permeation comparing marketed eye drops. 
Also, the confocal scanning laser microscopy (CSLM) 
studies proved the NP’s ability to permeate into the cor-
nea. The histopathological investigations exposed the 
corneal biocompatibility of NPs. Compared with com-
mon eye drops, the NPs decreased IOP in rabbits for a 
long time. The results proposed an auspicious role of 
polymeric NPs for ophthalmic drug delivery in glaucoma 
therapy [147].

Chaharband et  al. produced hyaluronic acid-chitosan 
nano-polyplexes loaded with siRNA via an ionic gela-
tion technique that can permeate the retina barriers and 
vitreous. Intravitreal administration tests showed that 
the nano-polyplexes can attain the back of the rabbits’ 
eyes and successfully diminish the size of laser-mediated 
neovascularization [148]. As well as, biological macro-
molecules e. g. peptides may be utilized to develop pol-
ysaccharide-based hybrid nanocarriers [149, 150]. Silva 
et  al. synthesized hyaluronic acid-chitosan NPs loaded 
with erythropoietin. The in  vitro penetration assays 
exhibited fast permeation into porcine conjunctiva fol-
lowed by the cornea and sclera, without cytotoxicity 
[151].

Numerous researchers have proposed that some natu-
ral polysaccharides, specifically plant-derived ones, have 
exceptional biological functions for the ocular system. It 
has been shown that polysaccharides of Lycium barba-
rum improve dry eye syndrome, avoid oxidative damage 
in human trabecular meshwork cells, and maintain the 
retina and ganglion cells’ function [150, 152–156].

Recently, resveratrol (RSV), has received much atten-
tion as an accepted medicine owing to its potent 
anti-inflammatory and antioxidant characteristics. 

Nevertheless, RSV suffers from chemical instability and 
low aqueous solubility as well as inefficient delivery to the 
back of the eye. Nano-based technologies have appeared 
as a potential solution to overcome these drawbacks. 
Buosi et al. developed nanogels (NG)-based on chitosan 
(HCS) that cross-linked with sodium tripolyphosphate. 
Biocompatibility tests showed that nanogels have non-
cytotoxic and non-inflammatory effects in human ARPE-
19 cells, which creates the outer blood-retinal barrier. 
Upon cellular internalization, they reported an endo-lys-
osomal escape of NG, which is critical for effective nano-
carriers delivery systems. It is concluded that HCS-based 
NG might comprise new vehicles for RSV, opening the 
opportunity for its use in eye disorders [157].

Luo et al. produced bi-functional NPs with improving 
ZM241385 and chitosan on the surfaces of hollow ceria 
NPs loaded with pilocarpine. It was found that the hol-
low structure considerably enhanced the drug residence 
time. Additionally, ZM241385 and chitosan had the 
ability to permeate the cornea, whereas ceria provoked 
anti-inflammatory and antioxidant activities. These NPs 
showed a 42-fold longer time of reducing the intraocular 
pressure in comparison with marketed eye drops (Fig. 10) 
[158].

Jiang et al. designed a nanocarrier based on core–shell 
structured polysaccharide with a chitosan core and poly-
caprolactone shell via a 2-step emulsion technique. Thru 
electrostatic interactions, the chitosan core was filled 
with bevacizumab. The core–shell particles had a consid-
erably enhanced ability to prolong the release of drugs for 
three months and have useful outlooks as an anti-VEGF 
drug in medical use [159].

Recently, Zoratto, Forcina et  al. explained the activity 
of hyaluronan-cholesterol nanogels (NHs) as ophthal-
mic penetration enhancers. Due to their bioadhesive 
attributes, NHs tightly interact with the surface cor-
neal epithelial cell, with no permeation into the stroma, 
improving the transcorneal permeation of loaded drugs. 
Ex vivo transcorneal penetration assays indicated that the 
penetration of hydrophilic drugs, loaded in NHs, is con-
siderably increased when compared with the free drug 
solutions. Besides, the penetration of hydrophobic drugs 
is greatly reliant on the water solubility of the trapped 
molecules. The findings propose that this formulation 
could enhance the ocular bioavailability of the instilled 
drugs by enhancing their preocular residence time and 
also simplifying their penetration, therefore opening the 
way for use of HA-based NHs in treating anterior/poste-
rior eye segment disorders [160].

One of the most important derivatives of chitosan, 
named carboxymethyl chitosan (CMCTS), with high 
biodegradability and biocompatibility, is used as a vit-
reous substitute. In a study conducted by Wang et  al. 
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oxidized hyaluronic acid (OHA) was produced as a 
cross-linking reagent. OHA and CMCTS were uti-
lized to produce self-repairing, biodegradable, bio-
compatible, and in situ injectable hydrogels as vitreous 
substitutes. This biocompatible hydrogel with high 
transparency and controllable swelling properties was 
injected into the vitreous cavity after vitrectomy and 
no significant side effects were seen for 90  days after 

injection in New Zealand Rabbits. In addition, intraoc-
ular pressure and retinal position were maintained in 
the operated eyes. It is concluded that this non-toxic, 
injectable, and biodegradable hydrogel has immense 
capacity to develop material for vitreous substitutes 
[161].

The retinal disease treatment using intravitreal admin-
istrations needs regular injection except if drug delivery 

Fig. 10 Preparation of nano eye drops and their use for the treatment of glaucoma. Production of hollow ceria NPs and then their dual 
functionalization with ZM241385/chitosan and also loading with pilocarpine for usage as nano eye drops. Topical delivery of the nano eye drops 
and their pharmacological/biological functions for opening the tight junctions of corneal epithelium, targeting drug molecules toward the ciliary 
body tissue, and attenuation of inflammation and oxidative stress for successful treatment of glaucoma [158]
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systems with extended residence time and controlled-
release are utilized. Recently, Eva Kicková et al. employed 
pullulan conjugates of dexamethasone as therapeutic sys-
tems for intravitreal injection. They showed that these 
pullulan-based drug conjugates are safe in rabbit, mouse, 
and rat eyes, have a long residence time in the vitre-
ous, and are approximately wholly eliminated through 
the aqueous humor outflow. The findings of this study 
revealed that pullulan–dexamethasone conjugates might 
release active and free dexamethasone in the vitreous 
humor for higher than 16 days, although a big dexameth-
asone fraction might be deleted from the eye as bound 
pullulan–dexamethasone [162].

Regarding all reported polysaccharide-based materials 
for treating eye disorders, it seems that the therapeutic 
system reported by Eva Kicková and coworkers provides 
great intravitreal drug delivery systems because they 
could diminish the frequency of injection and trans-
fer of drugs into retinal tissues. Besides, this nanoplat-
form showed good biosafety and long residence time in 
the vitreous [162]. Also, the nanogels-based on chitosan 
reported by Buosi et  al. offered successful nanocarriers 
delivery systems with respect to non-cytotoxic and non-
inflammatory effects in human ARPE-19 cells, opening 
the good opportunity for its use in ocular disease [157].

Nano‑biomaterials for regenerative 
ophthalmology
Recently, regenerative medicine is giving promises for 
reinstating the function of aged and diseased organs and 
nanotechnology is assisting as a catalyst. In ophthalmol-
ogy, many kinds of autologous and allogeneic stem cells 
have been examined for the treatment of certain oph-
thalmic disorders including AMD, retinitis pigmentosa, 
glaucoma, diabetic retinopathy, and lens and corneal 
traumas. The nanomaterials have been used straightly as 
nano-scaffolds for the stem cells to stimulate prolifera-
tion, differentiation, and also their adhesion, or indirectly 
as vehicles for delivery of some genes, immunosuppres-
sants, cytokines, and tissue growth factors for facilitating 
cell reprogramming or regeneration of eye tissue [163].

The biocompatibility of different organs with many 
nanomaterials, for instance, NPs, hybrid nanostructures, 
and nanowires (NWs) have increased the possibility of 
their usage in clinical uses, particularly in retinal regen-
eration [163–166]. Amongst these, NPs such as mag-
netic iron oxide nanoparticles (MIONPs) and AuNPs are 
extensively employed in pre-clinical and clinical settings 
[167–169]. Some important applications of MIONs in 
tissue regeneration research include tracking of trans-
planted cells; magnetically controlled release and deliv-
ery; magnetic regulation of proliferation, differentiation, 

and cell adhesion; and magnetothermal activation of ion 
channels and signal pathways and etc. [166] (Fig. 11).

Scientists are concentrating on the utilization of AuNPs 
to advance the detection and treatment of ocular disease. 
AuNPs, because of their anti-inflammatory and antian-
giogenic characteristics, biocompatibility, low cytotoxic-
ity, and passive nature are valuable for the detection and 
treatment of ocular disorders [170, 171]. The AuNPs’ bio-
compatibility with ARPE-19 cells has been assessed by 
2D and 3D confocal imaging. The findings revealed that 
AuNPs’ biocompatibility and internalization are depend-
ent on the size and shape of NPs [172].

For the development of a cell-based therapy approach 
for retinal degeneration, the human Wharton’s Jelly 
derived mesenchymal stem cells (WJ-MSCs) were loaded 
with AuNPs that led to low cellular deaths in the 10 days 
in comparison with the control. Besides, the histological 
assays revealed that the human WJ-MSCs transplanta-
tion in subretinal space postponed retinal degeneration 
without retinal tumorigenesis and systemic migration. 
Besides, confocal microscopy indicated the existence of 
human WJ-MSCs markers in photoreceptors, bipolar 
cells, and Müller cells [173]. With the progression in the 
semi-conductor method, the implantation of an elec-
tronic chip tool, which imitates cell behavior and treats 
retinopathies has become probable. Due to this, an inves-
tigation exhibited that micropatterned graphene oxide, 
after being combined with a retinal prosthesis, allowed 
the retinal cells adhesion. Additionally, GO-based nano-
materials offer increased safety, better tissue repair, and 
regeneration [174]. Also, a very elastic polyvinyl alco-
hol hydrogel with embedded nano-cellulose whiskers 
was produced as corneal implants and contact lenses 
[175]. Recently, it was shown that synthetic photorecep-
tors composed of AuNPs-decorated titania nanowire 
arrays have the ability for taking light and visual data 
processing in a photoreceptor degenerated retina [165]. 
Ranibizumab is an active humanized monoclonal anti-
body against VEGF A. A nano-formulation based on 
ranibizumab-conjugated Fe3O4/PEGylated polylactide-
co-glycolide (PEG-PLGA) was produced for the neo-
vascular AMD therapy. The in vitro assays exposed that 
Fe3O4-loaded PEG-PLGA polymer nanomaterial exhib-
ited significant anti-angiogenic function. Furthermore, 
ranibizumab-conjugated PEG-PLGA showed an insignifi-
cant impact on human endothelial cell proliferation [88].

Bioactive and biocompatible nanomaterials could prob-
ably diminish problems related to corneal regeneration. 
Administration of peptide amphiphile (PA) nanofiber 
scaffolds modified with RGD (fibronectin) or YIGSR 
(laminin) sequences, into rabbit cornea have been used 
for the treatment of corneal wounds. The investigation 
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following 3 and 7 weeks after injection with RGD exhib-
ited considerable stromal keratinocytes migration and 
increased cornea regeneration [176]. Additionally, the 
cornea opacity was not affected by the treatment. Too, 
the incorporation of nano-silver into collagen hydrogels 
could generate collagen mimetic matrices with anti-
microbial features [177]. Besides, rabbit corneal cells 
cultured on radially aligned nano-scaffolds exhibited a 
1.2-fold enhancement in proliferation and gene expres-
sion than those grown on unaligned nano-scaffolds [178]. 
In comparison with microfiber scaffolds, nanofiber scaf-
folds result in less inflammatory responses, since they 
imitate mechanical characteristics of the natural cornea 
[179]. Though yet controversial, it was indicated that 
when the fiber size gets to the nano-range, the nanofiber 
diameter does not have any considerable impact on the 
activity and proliferation of corneal cells [180].

Nibourg et  al. produced a nanogel based on self-
assembled nanofiber composed of LMWG peptide to be 
applied as an extracellular medium for the growth of lens 
epithelial cells in a porcine ocular model. After eliminat-
ing the content of the lens, these nanogels were loaded 
into the porcine lens capsules, and then the filled lenses 
were removed from the porcine eye and were cultured 
for 3 weeks. The control sample was the lens filled with 
hyaluronan. In comparison with the control sample, the 
nanogels assisted the lens epithelial cells to preserve their 
normal morphology and had less expression of alpha-
smooth muscle actin causing less capsular opacification. 
More improvement up to 10 times in capsular opacifi-
cation was seen upon integrating various extracellular 
matrix (ECM)-derived peptides, such as YIGSR, IKVAV, 
DGEA, PHSRN, and RGDS [181]. To regenerate the cor-
neal epithelium, gelatin nanofibers were used as a carrier 

Fig. 11 Diagram illustrating how MIONs might be beneficial in the tissue regeneration area. Adapted with permission from [166]
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of eyelid fat-derived stem cells. Stem cells cultured on 
aligned nanofibers had high cell viability and expressed 
the markers of corneal epithelial [182].

In the majority of nanowires that have been synthesized 
for retinal regeneration, AuNPs are loaded on the nanow-
ires surface. For example, Tang et  al. utilized titanium 
dioxide (TiO2) nanowire loaded by AuNPs. It has been 
demonstrated that TiO2 nanowire loaded AuNPs are able 
to effective inoculation of electrons in the implant and 
nanowires for the simulation of photoreceptors in the rat 
retina after photoillumination [165]. Some investigations 
have used stem cell-derived RPE-based treatments for 
AMD Therapy. Recently, a PLGA nano-scaffold has been 
applied for delivery of AMD-patient-derived iPSC RPE in 
porcine and rodent RPE injury AMD models [183]. The 
iPSC-RPE patches were safe, and after the degradation of 
PLGA scaffold, the AMD-iRPE patch was incorporated 
into Bruch’s membrane and was wholly functional. More-
over, many research have employed parylene-C implants 
and RPE for the treatment of vision loss in pre-clinical 
studies [184–186].

Julia Fernández-Pérez et  al. acquired decellularized 
corneal ECM-based matrices using electrospinning to 
imitate the cornea fibrous structure. Fiber alignment and 
ECM combination impressed cell migration and mor-
phology but the phenotype was not considerably affected. 
Keratocyte markers were enhanced in all scaffolds kinds 
compared with TCPS [187].

Tayebi et  al. fabricated a biodegradable scaffold for 
cultivating corneal cells by integrating chitosan NPs 
(CSNPs) into polycaprolactone (PCL)/chitosan mem-
branes. Numerous PCL/CSNP ratios were formulated 
in the presence of a fixed concentration of chitosan and 
the films were created using the solvent casting tech-
nique. The scaffold was not cytotoxic and upgraded the 
proliferation of HCECs as assessed through the MTT 
assay. In vitro assays such as H&E results, flow cytome-
try, cell counting, and SEM exhibited suitable attachment 
of HCECs to the scaffold which produced a compacted 
monolayer. The created scaffold appears to be appropri-
ate for usage in the regeneration of corneal endothelial 
regarding biocompatibility and transparency [188].

Advantages and disadvantages of the ocular 
nano‑drug delivery systems (DDS)
The development of ocular nano-drug delivery systems 
(DDS) has made it feasible to overwhelm ocular-related 
barriers. Numerous hopeful carriers are accessible for 
ocular DDS, including liposomes, nanoemulsions, nano-
suspensions, nanomicelles, and lipid and polymeric NPs 
[189]. Nanocarriers for ocular DDSs have many advan-
tages. (1) They could penetrate the capillaries via the 
blood flows, enter the endothelial cell gap, and be taken 

in by pinocytosis to increase nanomaterial bioavailabil-
ity. (2) Nanocarriers have a big surface area, which could 
embed hydrophobic substances, increase solubility and 
decrease the adverse effects of common solvents. (3) 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 
[190]. (4) Nanocarriers extend the exclusion half-life 
of a substance, enhance efficient blood concentration-
time, improve effectiveness, decrease use frequency, 
and diminish toxic effects. (5) Nanocarriers pass across 
the body obstacles that restrict the substance effects. (6) 
Nanocarriers have better interactions with drugs and 
conjunctival and corneal epithelium and increase the 
effectiveness of drug bioavailability and delivery [189, 
191–193].

The main benefits of MNPs are that the NPs could be 
seen using MRI, and the drug-loaded NPs could be main-
tained in place using a magnetic field. One of the disad-
vantages of MNPs in drug delivery is their inability to 
concentrate in a three-dimensional space, because, the 
use of an external magnetic field organizes the MNPs 
into a two-dimensional space. Furthermore, it is chal-
lenging to retain the MNPs in the aimed tissue when the 
magnetic field is deleted from the outside. Another prob-
lem is associated with the time exposure to the magnetic 
field. The patients could not be continuously subjected to 
an external magnetic field, thus the therapeutic efficiency 
is restricted to the intensity, frequency, and exposure 
time of the magnetic field [194]. Polymeric nanomaterials 
have been utilized as the key element in different DDSs, 
probably owing to their outstanding features that com-
prise great water absorption ability, stability in an aque-
ous medium, brilliant biocompatibility, and similarity to 
alive tissues [185, 190, 195, 196].

Nevertheless, polymeric nanomaterials could influ-
ence vision following intraocular administration and 
be quickly removed from the blood flow. The success of 
SLNs depends on the development of dosage forms that 
have the capability to improve the therapeutic effects of 
the drugs via increasing their concentration, especially in 
the targeted tissues. Drugs could be combined in SLNs 
that cause propose a different model in drug delivery that 
can be used for drug targeting. The therapeutic load of 
numerous drug classes could be increased in particu-
lar organs by associating with SLNs. As well as, SLNs 
face many problems that comprise fast clearance, low 
stability, and non-specific uptake via the mononuclear 
phagocytic system [197]. The above restrictions could be 
nullified by combining diverse ligands to the SLNs sur-
face that can assist to enhance the circulation time and 
targeted delivery of the drug to the particular site. The 
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targeting features to a certain location could be increased 
by choosing surface biomarkers [198, 199].

Natural polysaccharides are fascinating choices for 
ophthalmic medicines, due to they are cheap, easily 
accessible, nontoxic, possibly biodegradable, commonly 
biocompatible, and usually compliant with chemical 
modifications [200–205]. Certainly, the chemical altera-
tion has resulted in derivatives with better features in 
terms of enhanced residence time in the eye, and drug 
solubilization [206–210]. Some investigations concen-
trated on the polysaccharide-based nanocarriers’ safety 
for the ocular sections; nevertheless, information on 
long-term surveillance and nanoformulation is yet absent 
[211–217]. Besides, the biodegradation of polysaccha-
ride-based nanocarriers in the ocular system is not satis-
fying yet, even with the truth that polysaccharides simply 
degrade in vivo [218, 219].

In conclusion, at the nanoscale, several questions 
remain indistinct, for instance, how and where the pol-
ysaccharide-based nanocarrier is metabolized, decom-
posed, and defaecated; what metabolites are generated 
by their decomposition; and what is the probable influ-
ences on the physiological eye function, especially for 
hybrid nanomaterials. Evidence obtained has explained 
the biosafety and biocompatibility of polysaccharide-
based nanocarriers based on material design, but there 
isn’t a good performance in actual situations. Regarding 
the impact of controlled-drug release in space and time 
assessment, some investigations on polysaccharide-based 
nanocarriers, particularly in physiological environments, 
keep on debatable owing to their differing research pro-
cedures and animal models [220, 221].

Biosafety profiles and toxicity of nano‑based 
materials for ocular drug delivery applications
While a considerable volume of information is accessible 
on the characterization, formulation, ophthalmic drug 
delivery, and nanomaterials targeting, data on the toxic-
ity and safety of the above systems and materials are low. 
Toxicity and safety are critical subjects that are always of 
concern before to approval of ocular products for clini-
cal studies [222]. Various investigations have recently 
been performed in this area. The combination of NLC 
and a thermoresponsive gel was suggested for the ocular 
injection of ibuprofen as an anti-inflammatory drug. This 
nanoformulation showed good biosafety and stability and 
extended ibuprofen release profile for ophthalmic deliv-
ery [223]. In another study, the efficiency of an intravit-
real administration of liposomes-encapsulated infliximab 
in autoimmune uveoretinitis rat models was examined, 
and described that liposomes extend the drug stability 
in the vitreous and also showed acceptable biosafety and 
great therapeutic capacity in EAU [224].

Moreover, Tan et  al exhibited that chitosan-coated 
liposomes had greater bioavailability and penetrabil-
ity (3.9 and 2 times, respectively) compared to uncoated 
liposomes comprising a timolol maleate solution only. 
Besides, chitosan-modified liposomes and unmodified 
liposomes unceasingly release drugs in the eye tissues for 
4 and 2 hours, respectively, which has a greater impact on 
decreasing IOP [225]. Compared to other nanomaterials, 
lipid-based nanocarriers such as liposomes and nanoe-
mulsions were revealed to be safer and more biocompat-
ible to interact with biomembranes and exhibited their 
existence in the market [3]. Cequa® has been examined 
for safety and effectiveness in treating dry eye syndrome. 
Phase III clinical trials with Cequa® were performed on 
744 patients and also, the study design contained two 12 
weeks of vehicle-controlled and randomized trials.

The findings showed a considerable enhancement in 
the Schirmer score from baseline with Cequa® relative 
to vehicle in tear generation with two-dose in a day. Fur-
thermore, adverse effects were seen by more than 5% of 
patients [3]. Eudragit RL 100-based tacrolimus-loaded 
NP, was attained for local ocular use. The in vivo safety 
study exhibited no eye irritation via histopathological and 
ophthalmological analysis. This study reported the slow-
release of tacrolimus from the particles and improved 
permeation of tacrolimus-loaded NPs to the eye com-
pared with the solution drug [226].

RX-10045 is a dispersion of aqueous micelle of resolvin 
E1 prodrug. A Phase II clinical trial was done to evaluate 
the safety and effectiveness of RX-10045 in comparison 
with placebo for treating eye inflammation and pain after 
cataract surgery. Both RX-10045 formulations were not 
meaningfully superior to the placebo group in attaining 
the initial endpoint of clearance of anterior inflammation 
8 days after cataract surgery [227].

MS Samimi et  al, evaluated the irritation possibility 
and toxicity of fluconazole nanoemulsion in-situ gel for-
mulation on retinal cells using HET-CAM, MTT, and 
Draize analyzes. The viability test on the retinal cells 
showed that fluconazole in-situ gel formulation was non-
toxic and could be utilized in a safe mode in the ocular 
tissue at the 0.1% and 0.5% concentrations. Draize and 
HET-CAM assays exposed that fluconazole optimized 
formulation caused no irritation and was regarded as 
well-tolerated and non-irritant for ophthalmic use [228]. 
Similar efficacy and safety were seen in an assessment of 
a topical nanomicellar immunosuppressant formulation, 
everolimus. In this study, everolimus-loaded positively 
charged Soluplus was utilized to enhance penetrability 
via eye epithelia with no or minimal irritation leading 
to increased eye bioavailability for treatment of uveitis 
[229].
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In conclusion, with regard to the eye sensitivity and the 
nanocarriers’ toxicity, the safety of nanocarriers before 
using by patients is of big concern. The nanocarrier’s 
appropriateness regarding biodegradability, sustained or 
burst release, and patient convenience for diverse clini-
cal requirements in the anterior segment still should be 
wholly investigated. As well, consideration should be 
given to nanocarrier biological interactions and surface 
chemistry as they could help to better comprehension of 
the biosafety profile of nanocarriers [230].

FDA approved and under clinical trial 
nanomedicine for ocular diseases
Significant investigations have been performed on nano-
medicines for relieving anterior and posterior ocular 
diseases. They have shown positive results in clinical 
trials [231]. Restasis (cyclosporine A nanoemulsion), 
as the first commercial product, was developed to treat 
dry eye syndrome and Durezol (difluprednate nanoe-
mulsion), is approved to treat eye inflammation [232]. 
Other commercial ocular nanostructured products uti-
lized to treat dry eye diseases include Cequa® [231], and 
Cyclokat® [233], which are both nanoemulsion formula-
tions of Cyclosporin A; and also, Lacrisek® (liposomal 
vitamin E and vitamin A-palmitate), and Artelac Rebal-
ance® (Lubricant). Furthermore, another FDA-approved 
drug named Ikervis® (cationic nanoemulsion) has been 
designed for acute keratitis therapy in dry eye syndrome 
[231]. Visudyne, as an ophthalmic nanomedicine, has 
been FDA approved for treating choroidal neovasculari-
zation, ocular histoplasmosis syndrome, and pathologi-
cal myopia. Macugen®, as a FDA-approved nanodrug, is 
a PEG anti-VEGF aptamer, administered by intravitreal 
injection for wet AMD therapy [234]. InSite Vision has 
formulated a novel drug delivery system named Dura-
site® as the basis for a wide range of ophthalmic drugs. 
A DuraSite formulation comprising Besifloxacin was 
FDA approved for the treatment of bacterial pink eye 
[5]. Besides, several ophthalmic nanomedicines, have 
been FDA approved for treating macular edema includ-
ing Ozurdex (dexamethasone biodegradable implant) 
[235] and Iluvien (Fluocinolone acetonide) as a nonbio-
degradable implant [236], as well as, Triesence (Triam-
cinolone acetonide suspension) [194, 237] and Kenalog 
(Triamcinolone acetonide suspension) [194, 237] that 
are administrated as microparticles. Also, Retisert (Fluo-
cinolone acetonide nonbiodegradable implant) [238] 
and Trivaris (Triamcinolone acetonide suspension) 
[194, 237], administered by intravitreal injection, were 
approved for the treatment of uveitis. AzaSite (Azithro-
mycin Ophthalmic 1% Solution), administrated as an eye 
drop, has been approved for bacterial conjunctivitis ther-
apy. Numerous ocular nanoformulations such as TLC399 

(ProDex) that are used for macular edema therapy, are 
currently in phase II clinical trial. Moreover, latanoprost-
coated liposome (POLAT-001) has done phase II clinical 
trials for ophthalmic hypertension and initial treatment 
of open angle glaucoma [239]. SYSTANE®, one recent 
ophthalmic nanoemulsion, has done phase IV clinical 
trial for the treatment of dry eye syndrome [193]. Sev-
eral clinical trials are ongoing, such as a study for evalu-
ation of the efficacy and safety study of ENV 515 for the 
treatment of ocular hypertension (NCT02371746) and 
glaucoma. AR-13503 (NCT03835884) and AR-1105 
(NCT03739593) were designed as intravitreal implants 
for treating AMD and diabetic macular  edema [3, 240]. 
Several other under clinical trial ophthalmic nanomedi-
cines, include Taxol (Paclitaxel albumin-stabilized nano-
particle formulation), which has done phase II clinical 
trial for treating intraocular melanoma [241]; GB-102 
(Sunitinib malate), in phase I clinical trial for AMD ther-
apy [242]; KPI-121 (1% and 0.25% loteprednol etabonate), 
is currently in phase III clinical trial for the treatment of 
ocular infection, irritation and inflammation [243] and 
OCS-01 (dexamethasone cylcodextrin) has done phase II 
clinical trial for treating eye inflammation and pain [244] 
(Table  2). By enhancing the nano-based material num-
bers on the market or in the clinical studies, it seems that 
the development of nano-based technologies in ocular 
disease treatment is a hopeful strategy, though further 
studies and research are needed for the delivery of nano-
structure to the eye [193].

Conclusions, challenges and perspectives
Due to the anatomical barriers and physiological con-
ditions of the eye, effective delivery of ocular medicine 
is a big challenge to pharmacologists and researchers 
[5]. The topical administration route is the most widely 
applied noninvasive method of drug delivery for treat-
ing anterior eye segment diseases. Conventional oph-
thalmic formulations such as eye drops account for 90% 
of the market. The reason might be ascribed to patient 
compliance and ease of administration [245, 246]. How-
ever, the ocular drug bioavailability with topical admin-
istration of eye drop is very low, and less than 5% of the 
topically used drug reaches deeper eye tissues [247]. As 
well, it is challenging to reach therapeutic drug concen-
tration in the posterior eye segment after topical admin-
istration of eye drops. The drug could be delivered to the 
posterior eye segment by different administration modes 
such as systemic administration, periocular injections, 
and intravitreal injections. Intravitreal injection is the 
most common and frequently used drug administration 
route for the treatment of posterior segment eye diseases. 
Although, the repeated eye puncture with intravitreal 
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Table 3 Summary of the reported nano-based materials for diagnosis and treatment of ocular diseases

Material Target Specific feature Advantages Refs.

Ranibizumab-loaded NPs (S-PEG-
ICG-RGD-RBZ)

Choroidal neovascularization Antibody-NPs conjugates Low cytotoxicity and genotoxicity, 
no apoptosis

[56]

MSIO nanofluid, PEGylated Fe2O4 Glaucoma Therapy Magnetic core and polyethylene 
glycol (PEG) surface coating

High biocompatibility, high cel-
lular uptake, low cytotoxicity

[86]

Avastin–Fe3O4 nanocomposites AMD therapy Antibody-NPs conjugates Long-term release of Avastin [87]

Ranibizumab conjugated iron 
oxide (Fe3O4)/PEGylated PLGA

AMD therapy Antibody-conjugated nanopar-
ticles

More efficient drug delivery and 
better inhibition of tube formation

[88]

valproic acid and guanabenz 
-loaded MNPs

Barded-Biedl syndrome (BBS) Magnetically assisted delivery 
system

Non-invasive and needle-free 
technology

[90]

Ranibizumab/PEG-conjugated 
AuNPs

Angiogenesis-associated disorders 
such as AMD

Antibody-conjugated nanopar-
ticles

Long half-life of Mab, protection 
of Mab from the high protease

[95]

Resveratrol-coated gold NPs diabetic retinopathy – No toxicity [97]

Ranibizumab -conjugated MNPs Eye disorders Antibody-conjugated nanopar-
ticles

No cytotoxicity [99]

Nanodiscs and gold nanorods Early detection of diabetic retin-
opathy

Urine based colorimetric test 
paper linked with a smartphone

High specificity and sensitivity [99]

ST/FA-b-PEG-AuNPs@G Diabetic retinopathy therapy Site specific drug delivery Effective drug delivery and con-
trolled drug release

[100]

HA-gold NPs Ocular neovascularization-related 
diseases

Particular receptor interaction Increased distribution and stability [101]

Pilocarpine-encapsulated MSNs 
gelatin-covered

Reduction of IOP Gelatin-covered Progressive and continuous drug 
leakage

[108]

Silica-coated Au nanorods Prevention of posterior capsule 
opacification (PCO)

Spatial controllability of photo-
thermal effect

Prevention of disordered LECs 
fibrosis formation, elimination 
of residual lens epithelial cells 
around Nano-IOLs

[110]

CeCl3@mSiO2 NPs Treatment of diabetic cataract – Antioxidant effect [111]

Reverse thermoresponsive poly-
mer (RTP)

AMD therapy Thermoresponsivity Nontoxic, Sustained-release 
intraocular drug delivery vehicle,
slowly releases anti-VEGF agents, 
in vitro and in vivo biocompat-
ibility

[124]

Axitinib-loaded MPEG-PCL 
micelles

Treatment of ophthalmic neovas-
cular disorders

– Great cell biocompatibility, low 
toxicity

[132]

Timolol maleate (TML)-loaded 
polymeric NPs

Glaucoma therapy – Significant bioadhesive ability, 
sustained drug release, good 
biocompatibility

[147]

Glycyrrhizin-based self-assembled 
nanomicelles

Treatment of inflammation-, oxi-
dative stress- and bacteria-related 
ocular diseases

– Improved in vitro release and 
antioxidant activity

[134]

Atorvastatin (ATS)—SLNs AMD therapy – Great bioavailability,
good ocular safety and stability, 
extended retention time

[133]

Bimatoprost (BIM) NPs-loaded pH-
sensitive in-situ gel

Glaucoma therapy pH-sensitivity Improved drug release, well-
tolerated, nonirritant

[130]

Amphotericin B (AmB)-loaded 
PEGylated-NLC

Treatment of ocular disease PEGylation No toxicity, improved drug load-
ing

[131]

Hyaluronan-cholesterol nanogels 
(NHs)

Treatment of anterior/posterior 
eye segment disorders

– Enhanced the ocular bioavail-
ability,
increased permeation of loaded 
drugs

[160]

Pullulan–dexamethasone Retinal disease treatment – Good safety, extended residence 
time and controlled-release

[162]
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injections causes several adverse effects such as hemor-
rhage, endophthalmitis, and retinal detachment [248]. 
Drug delivery with the periocular administration route 
is developed as an alternative method of drug delivery to 
the posterior eye segments. Though this drug adminis-
tration route is relatively less invasive, easy, and patient 
compliant, drug penetration is compromised by ocular 
dynamic and static barriers [40, 249, 250].

Nanotechnology has used different nanocarriers to 
develop potential ophthalmic drug delivery systems to 
be efficient at overcoming the limitations associated with 
conventional ocular dosage forms. Many nanocarriers, 
including magnetic nanoparticles, polymeric nanoparti-
cles, liposomes, nanomicelles, etc. have been investigated 
for improved penetration and efficient targeted drug 
delivery to various ocular sites [3, 251]. Among the vari-
ous types of nanomaterials used for ocular drug delivery, 
we found that polymeric nanomaterials have been the 
focus of significant attention throughout the last years 
as evidenced by an unprecedented enhancement in the 
number of research papers concentrating on these mate-
rials. The reasons for the popularity of polymeric nano-
materials include their mucosal adhesion property that 
increases the drug’s shelf life in the eye and prevents 
rapid drug clearance. Also, the stimulus-responsive prop-
erties that permit them to release an active ingredient 
after a change in conditions, and the biodegradability of 
polymers have made them attractive materials as ocular 
nanomedicine [115].

The considerable advantages that are commonly pre-
sent in most existing ocular nanomedicines include 
great stability and biodegradability, low cytotoxicity, high 
biocompatibility and bioavailability, high surface area 
and pore volume, controlled release, and their capabil-
ity to penetrate across complex ocular barriers, particu-
larly BRB and the corneal-retinal barrier, with minimal 
unwanted ocular/systematic adverse effects [193, 252]. 
However, common side effects commonly seen in ocular 
nanomedicines include blurry vision, sensitivity to light, 
eye irritation, eye redness, pain, corneal edema, raised 
intraocular pressure, infection, conjunctivitis, eye dis-
charge, and headache [250, 253].

Despite the significant advantages of nanomedicine 
over routine ocular administration routes, all methods 
are yet restricted to preclinical studies with numerous 
challenges that require to be overcome, for example, 
late-phase clinical trials and large-scale manufacturing 
to allow scholars to attain robust evidence and findings. 
Besides, future advances in a standard nanoscale clini-
cal drug delivery vehicle need to concentrate on the 
heterogeneous appearances of the disease, such as the 
pathogenesis and etiology. The effects of surface charge, 

particle size, aggregation, and composition on the phar-
maco-toxic profiles and pharmacokinetics should be 
determined [251]. Some nanomaterials are utilized to 
fabricate nanosystems, but their toxicity has not been 
entirely clear to the eye, particularly for those materi-
als which require frequent doses. There are some other 
challenges that need to be addressed including: among 
many studies of ophthalmic disease treatment by nano-
technology, fewer in  vivo studies have been done and 
more studies are concentrated on in  vitro research. 
Additional attempts must be made on animal models 
particularly the eye cancers model should be developed 
in the future. While the rabbit is the most frequently 
used animal due to the comparable size of the human 
eye, surface sensitivity and mucus production are 
higher in rabbit eyes, but the blinking number and tear 
production in rabbits is less compared to humans [254]. 
These differences can make the nanosystem’s effect 
unauthentic to human beings [34, 255, 256].

The use of active targeting ligands to incorporate 
penetration enhancers into composite systems or modi-
fying nano-formulations might be an efficient approach 
for ocular nano-carrier DDSs for drug delivery to the 
posterior eye segment, but the studies about the uptake 
of targeted nano-carriers in the treating posterior seg-
ment ophthalmic disorders are rare. Investigations are 
required to fill these gaps and prevail the complications 
associated with nanocarriers functionalized with many 
ligands of tissues and cells of the posterior eye segment 
as vehicles [251].

It appears that some colloidal nanocarriers and FDA-
approved nanomaterials have further capacity in use. 
Besides delivery systems, noninvasive delivery methods 
will be highlighted in the future for ophthalmic disor-
ders in the anterior and posterior segments. Ultimately, 
all-in-one systems that may integrate diagnostic and 
therapeutic functions might be presented to facili-
tate visual follow-up throughout eye disease therapy. 
Table 3 limits some features of the reported nano-based 
materials for the diagnosis and treatment of ocular 
disease.
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