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Abstract
One of the most difficult tasks among the numerous medication delivery methods is ocular drug delivery. Despite having effective
medications for treating ocular illness, we have not yet managed to develop an appropriate drug delivery strategy with the fewest
side effects. Nanotechnology has the potential to significantly address the drawbacks of current ocular delivery systems, such as
their insufficient therapeutic effectiveness and unfavourable side effects from invasive surgery or systemic exposure. The objective of
the current research is to highlight and update the most recent developments in nano-based technologies for the detection and
treatment of ocular diseases. Even if more work has to be done, the advancements shown here might lead to brand-new, very
practical ocular nanomedicines.
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Introduction

According to World Health Organization (WHO) research
from 2015, there are about 217 million adults worldwide who
are 18 years of age or older who have ocular conditions that
might damage their vision and ultimately render them per-
manently blind[1]. Numerous preclinical and clinical research
have been conducted over the last 10 years to discover thera-
pies for various ocular conditions, including uveitis, age-
related macular degeneration, diabetic retinopathy, glaucoma,
and cataracts[2]. Innovations in ocular pathological processes
and the treatment of eye diseases have made significant pro-
gress. However, because of the particular anatomical and
physiological characteristics of the eye, it is difficult to diag-
nose and treat these disorders. Rarely were serious ocular

problems diagnosed early on using the standard treatment pro-
cedures, and neither could vision loss[3]. Thus, better diagnostic
and treatment techniques that are developing for eye illnesses
have drawn a lot of interest. The present hot issue and high-
potential technology known as nanotechnology has a significant
impact on a number of sectors related to engineering, chemistry,
medicine, and biology. This technique has garnered significant
scientific interest during the last 10 years[4,5]. Nanoscience is the
study of physical, chemical, and biological characteristics of
nanoscale materials. The creation and use of materials having
at least one dimension on the nanoscale scale constitutes
nanotechnology[6]. Some materials with a nanoscale structure
exhibit extraordinary mechanical, optical, electrical, chemical,
and magnetic properties. Drugs and drug delivery systems’ phy-
sicochemical and biological qualities may be improved by using
these attributes[7–9]. Rapid advancements have also been achieved
in the use of nanotechnology for the detection and treatment of
eye diseases (Fig. 1).

The most popular nanotechnology-based ocular delivery
systems (NODS) are nanocapsules, nanoliposomes, niosomes,
nanohydrogels, cubosomes, nanomicelles, and nanoparticles
(NPs), which have certain advantages over existing diagnostic
and therapeutic methods[10–12]. Nanomaterials were created to
revolutionise the diagnosis and treatment of various illnesses
due to their unique properties and potential applications in
biology and medicine[13,14]. NPs are now often used to deliver
various medicines, peptides, vaccines, and other substances
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successfully[15]. Due to their regulated release, appropriate
therapeutic toxicity, and nanometre-scale dimensions, NPs
exhibit fewer side effects than traditional chemotherapeutic
medications and show positive benefits even at low doses[16].
The application of NPs in nanostructured devices, films for
ocular medication delivery, and contact lens implants that
incorporate NPs is thus more appealing[3].

This review delves into the evolving landscape of drug delivery
methods based on nanotechnology, exploring their potential in
addressing various eye diseases. Through a comprehensive review
of materials, procedures, and characterisation techniques, as well
as insights from clinical studies, biosafety profiles, and challenges
in development, this article seeks to shed light on the transfor-
mative impact of nanotechnology in ocular medicine. By eluci-
dating the advantages and challenges associated with nano-based
medication delivery devices, this article aims to provide a holistic
perspective on the current state and future possibilities in treating
anterior eye illnesses.

Delivery methods based on nanotechnology

Micelles, nanoemulsions, nanosuspensions, NPs, niosomes,
dendrimers, liposomes, nanowafers, and cubosomes are a few
of the nanocarriers that have been produced for anterior
segment eye diseases (ASEDs). The current state of ocular
medication delivery systems is anticipated to change, parti-
cularly for ASEDs, thanks to nanotechnology delivery meth-
ods. Nano-ocular delivery systems provide a number of
benefits, one of which is increased bioavailability. To achieve
the intended effectiveness and safety, however, the formula-
tion of nano-ocular delivery systems requires rigorous devel-
opment methods and careful selection of excipients/materials.
Nanotechnology-based drug delivery offers several advan-
tages over conventional therapies for ophthalmic diseases,

primarily due to their ability to provide targeted, sustained,
and controlled drug release.

Materials and procedures for medication delivery systems
based on nanotechnology

The pharmaceutically effective substances (phytochemicals,
genes, peptides, and drugs), polymers, stabilisers, and lipids are
the main components of nanocarriers employed as a vehicle
for ocular administration. Table 1 lists these ingredients for
formulation.

Polymers

When creating ocular nanocarriers, synthetic, semi-synthetic, and
natural polymers are all used. Chitosan, gellan gum, alginate,
hyaluronic acid, albumin, and gelatin are among the natural
polymers that are often utilised[17,18]. They benefit from being
both biocompatible and biodegradable. A biocompatible posi-
tively charged polymer called chitosan is created when chitin
undergoes a deacetylation process. In addition to serving as a
mucoadhesive polymer, it improves ocular medication penetra-
tion by reversibly loosening corneal epithelial intercellular tight
junctions[19]. Chitosan has been frequently used in NODS to treat
ASEDs in order to enhance the mucoadhesive characteristics of
the system, despite the fact that its utilisation is limited by poor
water solubility at physiological pH[20,21]. Since chitosan is
hydrophilic and does not effectively encapsulate hydrophobic
drugs, it is frequently modified and grafted with artificial poly-
mers. Galactosylated chitosan, glycol chitosan, and N-trimethyl
chitosan are only a few examples of chitosan derivatives with
increased water solubility and ease of functionalisation that are
employed in ocular drug administration[22,23].

In certain ocular tissues, such as the aqueous humour and
cornea, hyaluronic acid is an endogenous hydrophilic, biode-
gradable polysaccharide, and biocompatible[24]. Hyaluronic acid

Figure 1. Schematic presentation of ocular nanomedicine for use in ophthalmology with diverse biological applications.
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promotes ocular retention of nanoformulations by binding to
CD44 (cluster of differentiation 44) receptors on corneal epi-
thelial cells[25]. It is used as a lubricant in eye drops to alleviate the
symptoms of dry eye disease (DED). Hyaluronic acid is often
employed as a coating material for nanocarriers, similar to how
chitosan is[26]. Alginate is a crucial natural polymer in NODS[27].
Alginate has effective mucoadhesive qualities. For instance, uti-
lising three techniques (electrospraying, emulsification, and their
combination), Kianersi and colleagues reported the synthesis of
alginate-based NPs containing encapsulated betamethasone
sodium phosphate[27]. Additionally, coated with gelatin and
chitosan, these NPs were tested for ocular administration.

In most nanotechnology-based delivery systems, matrix-forming
and viscosity-enhancing materials such as sodium carboxyl
methylcellulose, methylcellulose, hydroxypropyl methylcellulose,
and carboxymethyl cellulose are used[28]. Additionally, a number of
synthetic polymers have been used in ASED treatment nanocarriers.
They consist of poly (ethylene glycol) (PEG), poly-caprolactone,
poly (lactic-co-glycolic acid) (PLGA), poly (glycolic acid),
poly (acrylic acid), poly (vinyl alcohol), and polyamidoamine
(PAMAM). PEG is often used in NODS as a coating material for
the delivery of drugs, genes, and peptides. It is a stealthy water-
soluble polymer that shields the coated nanocarrier from opsoni-
sation and phagocytosis[29]. Hydrophobic medications have been
delivered using poly (lactic acid) (PLA), a hydrophobic polyester. Its
weak degradability restricts its usage in ophthalmology. To get
around this, lactic acid and glycolic acid are often copolymerised to
create PLGA, a more biodegradable copolymer[24].

In nanocarriers such as polymeric micelles, block and graft
copolymers mixing hydrophilic and hydrophobic polymers
are often used. PEG is often the hydrophilic element.
Examples of copolymers used in the creation of micelles are
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(polyethylene glycol)-2000] (ammonium salt) and methoxy-
poly (ethylene glycol)–poly (lactic acid)[30].

Emerging ocular delivery techniques use polymeric den-
drimers. With a stable hydrophilic structure that is simple to
functionalise for targeted drug administration, PAMAM is the
first commercialised and most widely used dendrimer in drug
delivery. Poly (propylene imine), polyether-copolyester, peptide
dendrimers, and PEGylated are further dendrimers[31].

Pharmaceutical active compounds

Anti-inflammatory, antibacterial, immunosuppressive, and anti-
glaucoma medications are only a few of the pharmacological
groups represented among the active pharmaceutical substances
used in NODS[32]. For the treatment and prevention of DED,
conjunctiva fibrosis, cataract, and other ocular diseases[33–36],
NODS have also been used to target peptides and genes in ocular
tissues. Additionally, the delivery of phytochemicals to the ante-
rior segment of the eye using NODS has been studied[37,38];
examples include naringenin, myricetin, resveratrol, glycyrrhizin,
hesperetin, curcumin, and epigallocatechin gallate.

Lipids

To create lipid NPs, lipids such as partial glycerides, triglycerides,
fatty acids, waxes, and steroids are used[39]. Monoglyceride,
diglyceride, and triglyceride combinations make up partial glycer-
ides. Better drug loading and the avoidance of drug ejection brought
on by lipid recrystallisation are two benefits they provide[40].

In particular, nanostructured lipid carriers made from liquid
lipids are used to create nanocarriers. To get over the issues
with solid lipids’ poor drug loading and drug ejection, they are
combined with lipids in a nanostructured lipid carrier that
are solid. Oleic acid, soybean oil, castor oil, and medium
chain triglycerides (such as Miglyol and Labrafac) are some of
them[41,42]. They are often used in the formulation of ocular
gene delivery to aid in the negatively charged gene material’s
adherence to the nanocarrier[43,44]. The binding of the

Table 1
Ocular delivery systems based on nanotechnology often include the following active components and excipients.

Drug/Excipients Example

Surfactants Polysorbate (Tween), Transcutol P, vitamin E TPGS (D-α-tocopherol polyethylene glycol 1000 succinate), sorbitan esters (Span), oleylamine,
tyloxapol, polyoxyl 40 hydrogenated castor oil (Cremophor RH-40), poloxamers (Pluronic, Lutrol), Solutol HS 15 (Kolliphor HS 15)

Glycerol, ethanol, co-surfactants – propylene glycol
Lipids Lecithin, phospholipids – phosphatidylcholine (PC), phosphatidylglycerol, distearoylphosphatidylcholine (DSPC), dioleoyl phosphatidylcholine

(DOPC), dipalmitoyl phosphatidylcholine, 1,2 dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)
Fatty acid – stearic acid
Castor oil, liquid lipids – oleic acid, squalene, coconut oil, olive oil, palmitic oil, glyceryl tricarylate (Miglyol 812), soybean oil
Wax – cholesterol
Polyethylene glycol monosterate (Gelucire), partial Glyceride – glyceryl tribehenate (Compritol), glyceryl palmitostearate (Precirol)
Triglycerides – trilaurin, tripalmitin, trimyristin, and tristearin (Dynasan 112, 114, 116, 118, respectively)

Polymers Synthetic – poly (ethylene glycolpolycaprolactone, poly (glycolic acid), polyvinyl alcohol, polylactic acid, poly (lactic-co-glycolic acid), methacrylic
acid-methyl acrylate copolymer (Eudragit), poly (acrylic acid), poly(amidoamine), carbosilane

Hydroxypropyl methylcellulose, semi-synthetic – sodium carboxymethylcellulose
Alginate, natural – chitosan, albumin, gelatin, hyaluronic acid, gellan gum

Active pharmaceutical ingredient Phytochemicals – naringenin, epigallocatechin gallate and myricetin, resveratrol, hesperetin, glycyrrhizin, curcumin,
Plasma DNA, genes – transcription factor, monoclonal antibody
Octreotide, proteins, and peptides – lactoferrin, catalase, protamine
Tramcinolone, immunosuppressant- dexamethasone, cyclosporine A, tacrolimus,
Ganciclovir, antiviral – acyclovir
Natamycin, antifungal – amphotericin B, voriconazole
Flurbiprofen, anti-inflammatory drugs – diclofenac, pranoprofen
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nanocarriers on the negatively charged ocular surface is fur-
ther made easier by cationic lipids[43].

When creating liposomes, niosomes, lipid polymer NPs, and
nanoemulsions, phospholipids like phosphatidylglycerol, phos-
phatidylcholine, phosphatidylethanolamine, and their derivatives
are used[45]. Their amphiphilic properties encourage the devel-
opment of lipid bilayers that resemble cell membranes, which
improves drug encapsulation and stability.

Surfactants or stabilisers

Due to their amphiphilic nature, surfactants serve as formulation
stabilisers. They play a crucial role in the physicochemical and
biocompatibility of systems based on ocular nanotechnology[46].
Non-ionic surfactants like sorbitan esters or polysorbates are
preferred in ocular nanocarriers due to their lower toxicity.
Nevertheless, topical ophthalmic preparations frequently contain
the cationic surfactant benzalkonium chloride as a preservative.
Surfactants used often in ophthalmology include polysorbate,
kolliphor, poloxamers, sorbitan esters, tyloxapol, cremophors,
Transcutol P, and vitamin E TPGS (D-α-tocopherol polyethylene
glycol 1000 succinate)[47].

Characterisation of medication delivery systems
based on nanotechnology for the eyes

It is crucial for ocular drug delivery to characterise the distribu-
tion, particle size, encapsulation efficiency, surface charge, drug
release, drug loading, stability, absorption, and safety/toxicity of
the nanocarrier. Characterising the distribution, particle size,
encapsulation effectiveness, surface charge, drug release, drug
loading, stability, uptake, and safety/toxicity of the nanocarrier
are important for ocular drug delivery. Additionally, additional
ocular-specific needs, including sterility, pH, osmolality, surface
tension, and viscosity, must be met by the delivery mechanism.

Particle size

The physical stability of nanocarriers is mostly determined by the
particle size and polydispersity index, which are important fea-
tures of nanocarriers. By using dynamic light scattering and
photon correlation spectroscopy, these characteristics are often
examined[48]. This approach is sensitive, rapid, and simple to
utilise.

Particle size and dispersion in liquid-based formulations
intended for ocular application should be optimised. Particles
larger than 10nm should typically not be included in formula-
tions intended for ocular administration[49]. Smaller, mono-
dispersed NPs are often favoured because of their improved
biodistribution profile and stability. By avoiding creaming,
coalescence, Ostwald ripening, flocculation, and sedimentation
during storage, they boost the stability of the nanoformu-
lation[50]. Additionally, smaller particles enter the tear film’s inner
mucin layer more quickly than bigger ones. Additionally, they are
more readily absorbed by ocular epithelial cells and produce less
irritation[51]. Smaller NPs showed more aqueous humour
absorption than larger ones, but they were also eliminated from
the tear fluidmore quickly[52]. Higher small particle dissolution in
the tear fluid was thought to be the cause of the quick clearance.
The type, concentration, and formulation techniques of exci-
pients may all affect the particle size of nanoformulations[53].

Zeta potential

Another crucial aspect of nanoformulations is zeta potential. Due
to its effect on the interaction and stability of nanocarriers with
biological systems, it is one of the most investigated character-
istics. Electrostatic repulsion may stabilise nanoformulations at
high zeta potential levels (>30 mV). The electrostatic contact
with the negatively charged ocular surface is improved by posi-
tively charged particles, however. It is important to remember
that sterically stabilising particles with zeta potential values lower
than 30 mV are also possible[54,55].

Surface morphology

The biodistribution, toxicity, and cellular uptake of NPs are all
influenced by their surface shape[56]. NPs may take the form of
spheres, cubes, or rods, among other forms. NPs with a spherical
shape are preferable for enhancing medication performance[57].

The investigation of the structure of NPs often makes use of
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)[48,58]. While TEM displays the internal
structure, size, and shape of particles, SEM displays the mor-
phology and surface structure of the particles.

Lipid crystallinity

Differential scanning calorimetry may be used to examine the
crystallinity and thermal behaviour of lipid nanoformulations[59].
Another method that is often used to examine the crystal struc-
ture of nanocarriers is powder X-ray diffractometry (PXRD)[20].
Lipid NPs’ crystallinity may have an impact on their stability,
release, and drug loading[59,60]. When extremely crystalline lipids
are used in nanoformulations, instability problems such as drug
ejection during storage result. In order to generate a less crys-
talline structure with greater stability and drug loading cap-
ability, a mixture of lipids is utilised[61].

Effectiveness of entrapment and drug loading

To prevent drug waste during formulation, a high drug payload is
needed for nanocarriers. In order to test the effectiveness of
entrapment in a nanoformulation, the unentrapped drug and the
entrapped drug are typically separated using centrifugation at
10 000–20 000 rpm for 10–30 min. The drug concentration is
subsequently measured spectrophotometrically or by high-per-
formance liquid chromatography[29,62].

Drug release is sustained in nanocarriers with great entrap-
ment efficiency. Additionally, the medication is shielded from
premature metabolism and deterioration. Additionally, the ratio
of drug to excipient concentration is higher, allowing for the
creation of high-dose formulation[63]. Additionally, using a for-
mulation with a high dose per unit volume helps prevent the
significant alteration in the fluid dynamics of the eye caused by
injecting a large volume of ocular formulation. High medication
loading hence enhances biocompatibility. Medication solubility
is the main factor that affects medication loading.

Drug release/permeability studies

To maintain therapeutic medication concentration and prevent
toxicological consequences, drug release must be controlled in the
ocular system. To achieve regulated and sustained medication
release, nanocarriers are being developed and optimised[61].
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Franz diffusion cells are often used in nanoformulation investi-
gations for ex-vivo permeation and in-vitro drug release. The
releasemedium is a phosphate buffer solution (pH 7.4), simulated
or artificial tear fluid, glutathione bicarbonate Ringer’s solution,
human cornea construct, excised cornea (rabbit, porcine, or
bovine), or whole bovine eye. The barrier membrane is a dialysis
membrane (12–14 kDa as the molecular weight cut-off)[61,64]. To
mimic the biological environment, the setup is continuously
stirred and kept at a temperature of 37°C. By examining the
concentration of medication that passed through the barrier
membrane and into the receptor compartment of the release
device, one may determine the total quantity penetrated per unit
area. The apparent permeability coefficient and steady-state
flux (Js), two additional permeability parameters, are also
calculated[64].

Due to the rabbit eye’s near resemblance to the human eye in
terms of structure and composition of tears, in-vivo release
experiments are typically conducted using rabbits[65]. One eye
receives treatment with the nanoformulation, while the other acts
as a control and receives treatment with regular saline. The
aqueous humour is removed and its drug content is examined[66].
Other pharmacokinetic parameters are calculated[66], including
the maximum drug concentration (Cmax), the time it takes to
reach the Cmax (tmax), and the area under the concentration–time
curve (AUC0-t).

Mucoadhesion and ocular retention

An efficient topical ocular administration method must have
ocular retention or mucoadhesiveness since it significantly
increases the bioavailability of medications in the eye. Researchers
use fluorescence imaging, gamma scintigraphy, and surface plas-
mon resonance spectroscopy to evaluate the ocular retention of
topically administered nanoformulations in vivo[67,68].

Stability research

When creating nanocarriers, stability problems like Ostwald
ripening, flocculation, creaming, coalescence, and sedimentation
are major concerns. Physical instability may be caused by lipid
alteration brought on by a shift in the crystallinity of the lipids in
lipid nanoformulations[69]. Analysing changes in particle size,
entrapment effectiveness, and zeta potential during storage may
be used to track these instability issues[69].

Toxicity research

The assessment of a new drug delivery system’s biocompatibility
and safety profile is crucial throughout development. Surfactants
and cationic lipids are used in the formation of nanoformulations,
which raises the majority of safety issues[70]. On long-term usage,
several cationic lipids that are widely employed in nanoformu-
lations might kill corneal epithelial cells[71].

Draize’s test, Schimer’s test, HET-CAM (method for evaluat-
ing the eye irritation properties) test, permeability and bovine
opacity test, cell viability research, and histopathology investi-
gations are only a few of the tests that have been used to look into
the security of nanoformulations for ocular administration[72,73].
Inflammation, ocular heat, redness, irritation, conjunctival che-
mosis, and corneal opacity are symptoms of ocular intolerance
and toxicity. An infrared camera may be used to evaluate an
inflammatory process if the temperature of the ocular surface

increases[74]. Ocular toxicity is detected in the HET-CAM test by
irritation, haemorrhage, and coagulation in the chorio-allantoic
membrane of a fertilised chicken egg[72]. In a cell viability
research, human corneal epithelial cells are incubated with the
test formulation for a period of time, following which the pro-
portion of viable cells is counted. The cytotoxicity of nano-
formulations intended for ocular use has been widely studied
using this approach[41,75]. Surface tension, sterility, pH, viscosity,
and other formulation requirements for eyes should all be
optimised.

Clinical studies for medication delivery systems
based on nanotechnology for treating illnesses of the
anterior eye

Scientists working in the pharmaceutical and medication delivery
fields have developed ocular nanoformulations that are now
through different phases of clinical testing. Table 2 lists the
nanotech medication delivery technologies for anterior eye dis-
orders now undergoing clinical trials. A urea-loaded nanoparti-
culate system used as an eye drop is the subject of the Phase II
clinical research known as NCT03001466[76], which is intended
to cure cataracts. Polymeric NPs made of Pluronic F-127 copo-
lymer were used to improve the effectiveness of urea. The effec-
tiveness of urea-loaded NPs was compared to a placebo eye drop
in a salt solution that was balanced. Patients in each group
received one drop of eye drop five times a day for 8 weeks while
receiving either urea NPs or a balanced salt solution. The dif-
ference in the patients’ visual acuity scores at 6 months was then
assessed.

In a clinical experiment (NCT02420834) conducted at Aston
University in the United Kingdom, additional artificial tears, such
as a phospholipid liposomal spray, were utilised to treat dry
eyes[77]. Patients received these artificial tears as well as the
liposomal spray for a month as needed after a brief wash-out
time. After 4 months, symptoms were evaluated using the Ocular
Surface Disease Index, a brief questionnaire. Non-invasive break-
up time, parallel conjunctival folds on the lids, tear meniscus
height, Phenol Red Test, and Ocular Surface Staining were also
assessed as outcomes.

In November 2021, a more recent Phase III clinical study
(NCT02845674) evaluating the use of 0.09% cyclosporine
micellar solution to treat dry eyes was completed[78]. There
were 258 participants in the research who were 18 years of age
or older and of both sexes. Another clinical study for an
omega-3-fatty acid-containing microemulsion to treat dry eyes
is NCT02908282[79]. While Systane, a nanoemulsion based on
propylene glycol, is now undergoing a Phase IV clinical study
to treat dry eye condition. It is suggested that Systane will
make up for any deficits in the tear film’s lipid and aqueous
layers. A Systane clinical research that is presently enroling
volunteers intends to show that Systane Hydration lubricant
eye drops minimise corneal staining in DED patients having
lens replacement surgery[80]. In addition to receiving the
usual post-operative care, participants will receive Systane
Hydration lubricant eye drops four times per day for 2 weeks
before and 4 weeks after surgery. Instead of receiving
Systane Hydration lubricating eye drops, the control group
will get the post-operative standard of care as determined by
the investigator.
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On ClinicalTrials.gov, POLAT-001 and latanoprost ophthal-
mic solution were compared in a clinical Phase II study for
patients with open-angle glaucoma and ocular hypertension
(NCT02466399). There were 80 participants in this clinical
experiment. After 3 months of therapy, the intraocular pressure
difference between subconjunctival liposomal latanoprost
(POLAT-001) and latanoprost ophthalmic solution was assessed
to compare the effectiveness and safety of the two treatments.

More people are interested in creating new nanoformulations
as a result of recent developments and the success of some
nanomedicines for ocular diseases. However, more work has to
be done to speed up the release of these nanomedicines on the
market at reasonable prices.

Nano-based materials’ biosafety profiles and toxicity
for use in ocular medication delivery applications

Although there is a lot of information available on characterisa-
tion, ophthalmic drug delivery, formulation, and NPs targeting,
there is little information available on the safety and toxicity of
the materials and aforementioned systems. Prior to the licencing
of ocular products for clinical research, toxicity and safety are
crucial issues that are always of concern[81]. Recently, many
studies in this area have been conducted. It was recommended to
provide ibuprofen as an anti-inflammatory medicine by ocular
injection together with NLC (nanostructured lipid carrier) and a
thermoresponsive gel. For ocular administration, this nano-
formulation demonstrated high biosafety, stability, and a pro-
longed ibuprofen release profile[82]. In a different investigation,
the efficacy of administering liposome-encapsulated infliximab
intravitreally to rat models of autoimmune uveoretinitis was
examined. The drug’s stability in the vitreous was discovered to
be increased by liposomes, which also showed acceptable bio-
safety and a considerable therapeutic benefit in experimental
autoimmune uveoretinitis (EAU)[83].

Tan et al.[84] also showed that chitosan-coated liposomes had
higher penetrability and bioavailability (3.9 and 2 times,
respectively) compared to uncoated liposomes containing merely
a timolol maleate solution. Additionally, for 4 and 2 h, respec-
tively, unmodified and chitosan-modified liposomes continuously
release drugs into the eye tissues, which has a greater effect on
lowering IOP. Lipid-based nanocarriers including nanoemulsions
and liposomes were shown to be more biocompatible and safer to
interact with biomembranes than other nanomaterials, and they
demonstrated their presence in the market[2]. The safety and
efficacy of Cequa in treating dry eye syndrome have been inves-
tigated. A total of 744 participants participated in phase III
clinical studies with Cequa, and the research design included two
randomised, vehicle-controlled, 12-week trials.

The results revealed a significantly improved Schirmer score
compared to the vehicle with Cequa when two doses were taken
in a day. Additionally, more than 5% of patients reported
experiencing negative consequences[2]. Tacrolimus-loaded NPs
based on Eudragit RL 100 was obtained for local ocular usage.
Analysis of the in-vivo safety study’s histopathological and
ophthalmological samples revealed no evidence of eye dis-
comfort. This research revealed slower tacrolimus release from
the particles and better tacrolimus-loaded NPs reaching the eye
than the solution medication[85].

A dispersion of the resolvin E1 prodrug’s aqueous micelle is
known as RX-10045. After cataract surgery, RX-10045 was
compared to a placebo in a Phase II clinical research to assess its
efficacy and safety in treating ocular inflammation and dis-
comfort. The primary goal of clearing anterior inflammation
8 days following cataract surgery was not substantially attained
with either RX-10045 formulation compared to the placebo
group[86].

Using HET-CAM, Draize, and MTT (cell viability assay)
analyses, fluconazole nanoemulsion in-situ gel formulation was
evaluated by Samimi et al.[87] for its toxicity and ability to irritate
retinal cells. The fluconazole in-situ gel formulation was nontoxic
and may be used in the ocular tissue at the 0.1% and 0.5% doses,
according to the viability test on retinal cells. Fluconazole opti-
mised formulation was shown to be well-tolerated and non-irri-
tating for ocular usage according to Draize and HET-CAM
testing. An evaluation of the topical nanomicellar immunosup-
pressant formulation everolimus revealed comparable effective-
ness and safety. In this research, everolimus-loaded positively
charged Soluplus was used to boost ocular bioavailability for the
treatment of uveitis by improving penetrability through eye epi-
thelia with no or moderate irritation[88].

In conclusion, the safety of nanocarriers before use by patients
is of great concern because of the ocular sensitivity and toxicity of
the nanocarriers. The nanocarriers suitability for various clinical
needs in the anterior section should still be further explored in
terms of biodegradability, burst release or sustained, and patient
convenience. Additionally, the biological interactions and surface
chemistry of nanocarriers need to be taken into account in order
to fully understand their biosafety profile[89].

Challenges in developing nano-based medication
delivery devices for eye illnesses for clinical use

Drug distribution is exceedingly difficult due to the complex and
diverse physiological barriers in the eye, which has led to the
creation of multiple innovative delivery mechanisms. Only a very
small number of these new delivery systems have been success-
fully marketed as nano-based drug delivery systems, despite the

Table 2
Trials of nanomedicines in treating anterior ocular disorders are presently being conducted.

Drug/Product Formulation Disease Phase Identifier

Phospholipid Liposome Dry eye disease NA NCT02420834
Latanoprost (POLAT-001) Liposome Glaucoma II NCT02466399
Dexamethasone (OCS-01) Nanoparticle Inflammation, post-operative corneal pain II NCT04130802
Urea Nanoparticle Cataract II NCT03001466
Cyclosporine OTX-101 Nanomicelle Dry eye disease III NCT02845674
Omega-3 fatty acids (Remogen Omega) Microemulsion Dry eye NA NCT02908282
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numerous studies on them for the treatment of various ocular
diseases[90]. Given that these nano-based delivery systems are
more complicated than traditional delivery systems, the sluggish
translation of NODS may be due to the lengthier, more stringent,
and more costly clearance procedure[90]. The fact that animal
models cannot accurately replicate human physiological char-
acteristics is yet another significant factor in the poor clinical
translation of these nanosystems[91]. Because they are simple to
handle and relatively inexpensive, rodents, particularly mice,
rabbits, and rats, have been widely used in many preclinical
studies. The pharmacokinetic properties of these formulations
have, however, been observed to significantly vary due to changes
in ocular anatomy and physiology. For instance, rats’ eyes are
smaller than ours, and their lens-to-cornea ratio is higher.

Rabbits also produce more mucus, blink less often, and are
more likely to experience ocular discomfort[3]. Additionally, the
immunological makeup of the human retina differs significantly
from that of the majority of preclinical studies’ use of rodents.
Predicting the effectiveness of clinical research based on animal-
based preclinical testing is particularly difficult as a result of all of
them[92].

The clinical translation of several of these medicines has also
been reported to be hampered by the scaling up of the nano-based
delivery systems from laboratory to big industrial scale. Scaling
up nano-based delivery systems, such as NPs created using low-
energy techniques like phase inversion composition, phase
inversion temperature, and emulsion inversion point techniques,
has been reported to result in a variety of changes to the particles’
properties, particularly their physicochemical properties[2]. As a
consequence, a number of high-energy techniques were devel-
oped to address the drawbacks of these low-energy processes.
However, it has been noted that the formulation of NPs using
high-energy techniques like ultrasonication and hot homo-
genisation leads to recoalescence, which in turn makes the entire
system thermodynamically unstable[2]. Additionally, studies
indicate that numerous techniques for creating these nano-based
systems typically entail difficult multi-step processes. These
techniques have extremely low repeatability and inadequate
consistency. As a result, manufacturing nano-based systems is
particularly difficult since doing so results in issues such as batch-
to-batch fluctuations and dispersion stability, which in turn make
quality control exceedingly complex[93]. According to reports,
minute adjustments in a few process variables may have a big
impact on the yield percentage and particle size. These variables
have been shown to significantly impact the rate of drug release,
the effectiveness of the system, and the pharmacological and
pharmacokinetic characteristics of the active components[94].
Nano-based delivery methods are continually being developed
using fresh materials that are being found. This makes it
exceedingly difficult to evaluate and characterise the systems
properly, which may restrict their ability to be used in clinical
settings[90]. When compared to equivalent materials in the macro
size range, nano-based systems’ characteristics are fundamentally
different due to their particle size. Therefore, the difficulty to
accurately evaluate these systems’ long-term safety profiles
represents a significant barrier to the clinical approval of these
formulations[90]. Safety testing is crucial since these devices must
be nontoxic and biocompatible to the ocular system.
Additionally, they must be simple to metabolise and should not
build up in the eye[93]. The easy transfer from the preclinical stage
to clinical trials has, however, been hampered by the complexity

of nanosystems and the lack of adequate information to com-
pletely prove their biosafety and nontoxicity.

Although there are obstacles in the way of the successful
clinical translation of nanotechnology-based drug carriers
for ophthalmology, there is hope that many nanotechnology
products will soon be approved.

A comparison between drug delivery methods based
on nanotechnology and traditional delivery methods

Precision and targeting

Nanotechnology demonstrates superior performance in the realm
of targeted drug administration, effectively reducing the
impact on healthy tissues, a capability that is typically absent in
conventional approaches[95].

Dosage and frequency

Nanotechnology has the potential to offer prolonged release
capabilities, hence decreasing the need for frequent administra-
tion. This attribute can be especially advantageous in the treat-
ment of chronic illnesses. Conventional approaches may
necessitate a higher frequency of administration. The user’s text is
already academic and does not require any rewriting[95].

Bioavailability

Nanotechnology has been found to improve the solubility and
permeability of drugs, hence resulting in enhanced bioavailability
when compared to conventional approaches such as oral
medications[95].

Side effects

The utilisation of nanotechnology has been found to effectively
decrease systemic exposure and mitigate the occurrence of side
effects in other bodily regions, in contrast to conventional
approaches, which may result in more widespread side effects[95].

Complexity and cost

The use of nanotechnology-based approaches may entail greater
intricacy in terms of development and production, hence poten-
tially resulting in elevated prices when juxtaposed with conven-
tional methods such as eye drops.

Invasiveness

The invasiveness of traditional medical procedures, such as
injections and operations, tends to be greater and associated with
increased hazards as compared to non-invasive techniques
utilising nanotechnology.

Flexibility

Nanotechnology provides a versatile platform for the integration
of pharmaceuticals and therapeutic agents, a task that may
present difficulties when employing conventional approaches.

Nevertheless, the use of this technology presents some diffi-
culties pertaining to the intricacy of its creation, its compatibility
with biological systems, and the need for regulatory authorisa-
tion. Traditional therapies are often used and well recognised;
however, they may not possess the same level of accuracy and
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effectiveness as methods based on nanotechnology[96]. The
selection between the two methodologies frequently relies on the
particular ocular ailment, the intended treatment result, and
the trade-off between advantages and probable consequences.
Table 3 illustrates the merits and demerits of medication delivery
techniques based on nanotechnology in comparison to conven-
tional administration methods in the context of treating ocular
ailments.

In summary, the utilisation of nanotechnology in medicine
delivery for the treatment of ocular ailments has several advan-
tages, including heightened accuracy, focused administration,
diminished adverse effects, and the possibility of increased ther-
apeutic results. Nevertheless, it is plausible that the development
of these procedures might entail greater intricacy and financial
investment when juxtaposed with conventional approaches. The
selection between the two methodologies is contingent upon
the particular ailment, the pharmaceutical agent employed, and
the equilibrium between accuracy and feasibility.

Complications of nanotechnology-based drug
delivery for the treatment of eye diseases

The use of nanotechnology in drug delivery exhibits significant
potential in the management of diverse ocular ailments, owing to
its capacity to provide precise and regulated administration of
therapeutic substances. Nevertheless, similar to every medical
intervention, there exist possible problems and obstacles linked to
this particular method. Several challenges arise when considering
the application of nanotechnology-based medication delivery
systems for the treatment of ocular disorders, including[97,98].

Biocompatibility and toxicity

Biocompatibility and toxicity are critical considerations in the
field of nanotechnology, particularly in relation to the materials

employed, such as NPs, liposomes, and dendrimers. It is
imperative that these materials exhibit biocompatibility and do
not have any deleterious effects on ocular tissues. The presence of
any possible toxicity within the ocular environment has the
potential to induce inflammation, cause damage to cells, or result
in other unfavourable outcomes. The user’s text is already
academic and does not require any rewriting[99].

Immunogenicity

The introduction of NPs into the ocular region has the potential
to elicit an immunological response, so instigating inflammation
and posing a risk of detrimental effects on the adjacent tissues.
The potential consequences of this situation may undermine the
efficacy of the treatment and give rise to undesired adverse
reactions. The user has provided a numerical reference without
any accompanying text or context[100].

Accumulation and clearance

The potential for NPs to amass in the eye over time is contingent
upon their clearance efficiency. The persistence of accumulation
over an extended period may lead to adverse consequences,
including elevated intraocular pressure or compromised visual
function[101].

Retinal detachment

Retinal detachment may occur as a consequence of introducing
NPs or other delivery methods into the eye, resulting in the
separation of the retina from the underlying tissue layers. The
aforementioned condition may lead to a loss of visual acuity and
necessitates prompt medical attention.

Table 3
Advantages and disadvantages of drug delivery methods based on nanotechnology and traditional delivery methods for treating eye
diseases.

Advantages Disadvantages

Nanotechnology-based drug
delivery

Targeted Delivery: Nanoparticles can be engineered to target specific cells
or tissues within the eye, minimising off-target effects and reducing
systemic exposure.

Sustained Release: Nanoparticles allow for controlled and sustained release
of therapeutic agents, reducing the need for frequent administrations.

Enhanced Bioavailability: Nanoparticles can improve the solubility and
stability of drugs, increasing their bioavailability and effectiveness.

Reduced Side Effects: Targeted delivery reduces exposure of healthy
tissues to the drug, minimising side effects.

Customisation: Nanoparticles can be designed to carry a variety of drugs,
including small molecules, proteins, and genetic material.

Complex Development: Designing and manufacturing nanoparticles for
ocular delivery can be technically challenging and expensive.

Biocompatibility Concerns: Nanoparticles need to be biocompatible to
avoid adverse reactions in the eye.

Regulatory Hurdles: Gaining regulatory approval for new nanoparticle-
based treatments requires extensive testing and validation.

Conventional eye disease
treatments

Established Methods: Conventional treatments like eye drops, ointments,
and injections are well-established and widely used.

Immediate Effects: Some treatments provide rapid relief from symptoms or
halt disease progression.

Familiarity: Healthcare providers and patients are more familiar with
traditional treatment methods.

Lower Cost: Conventional treatments are often less expensive compared to
developing and producing nanotechnology-based therapies.

Limited Targeting: Conventional treatments might not effectively target
specific cells or tissues, leading to potential side effects and reduced
efficacy.

Frequent Administration: Some treatments require frequent
administrations due to short duration of effect, leading to patient
inconvenience and non-compliance.

Systemic Exposure: Drugs delivered via conventional methods can enter
the systemic circulation, causing systemic side effects.

Low Bioavailability: Poor drug solubility and rapid clearance from the eye
can lead to low drug bioavailability.
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Barrier penetration

The human eye possesses inherent physiological barriers that
serve to impede the entry of exogenous agents, such as the blood–
retinal barrier and the corneal epithelial barrier. The problem lies
in ensuring the effective penetration of NPs through these
obstacles in order to reach the desired target spot.

Unintended effects on healthy tissues

NPs have the potential to mistakenly impact healthy tissues
located inside the ocular region, resulting in unforeseen ramifi-
cations. For instance, the use of NPs engineered to selectively
target particular cells may inadvertently affect neighbouring cells
and surrounding tissues.

Dosage regulation

The regulation of dose is of utmost importance in ensuring the
optimal administration of therapeutic agents by NPs. Excessive
dosage may result in harmful effects, whilst insufficient dosage
may fail to yield the intended therapeutic outcome.

Patient variability

The efficacy and safety of nanotechnology-based medication
delivery can be influenced by patient variability, which encom-
passes individual differences in ocular architecture, physiology,
and health. The feasibility of finding a solution that is universally
applicable may be limited.

Long-term effects

The comprehensive understanding of the long-term consequences
associated with the introduction of NPs into the ocular region
remains incomplete. It is important to do research on the effects of
long-term exposure and extended treatment protocols in order to
evaluate possible hazards.

Regulatory approval

The process of introducing nanotechnology-based medication
delivery systems to the market necessitates thorough examination
and adherence to regulatory protocols. The process of estab-
lishing safety and efficacy through clinical trials may be intricate
and time-intensive.

Cost and accessibility

The cost and accessibility of nanotechnology-based medicines
pose significant challenges, particularly in places with low
resources, as their development and production might incur
substantial expenses.

The potential of nanotechnology-based drug delivery in the
treatment of eye diseases is promising. However, the successful
management of potential complications associated with this
approach necessitates comprehensive research, rigorous testing,
and close collaboration among researchers, clinicians, and reg-
ulatory agencies. These measures are crucial to guarantee the
safety and efficacy of treatments for patients.

The use of nanotechnology in drug delivery systems has con-
siderable potential in the management of ocular disorders, as it
offers the ability to augment therapeutic effectiveness, mitigate
adverse reactions, and boost patient adherence. Nevertheless,

there exist many obstacles that must be overcome in the
advancement and execution of nanotechnology-driven medica-
tion delivery systems for ocular ailments. These hurdles include
concerns pertaining to safety, regulatory clearance, scalability,
and cost-efficiency. However, continuous research and improve-
ments in this particular subject present great opportunities for
enhancing the management and treatment results of diverse ocular
conditions.

Conclusions and outlook for the future

Effective treatment of anterior ocular degeneration remains
challenging due to limitations in the anterior eye region. To
address this issue, research should focus on developing safer, less
toxic, stable, and effective nanoformulations for drug delivery to
the anterior eye segment. These formulations should deliver small
molecules and biologics with better pharmacokinetic and phar-
macodynamic properties. Combining ocular active drugs with
enzyme inhibitors can improve ocular absorption and bioavail-
ability. NPs should be able to deliver medications to various eye
tissues while maintaining biodegradation and patient comfort.
Further research should focus on the role of viscosity and
permeability enhancers in increasing ocular bioavailability.
Emerging technologies like hydrogel template technology,
mucus-penetrating particles, and particle replication in non-
wetting templates can improve the overall efficacy of ocular
medications. Future research should consider all potential
applications for nanoformulations and address stability problems
like particle growth.

Ethical approval

This paper has not been published anywhere else, and no under
journals are considering publishing it. The writers affirm that
there are no moral problems with the manuscript’s publishing.

Consent

Not applicable.

Sources of funding

No funding was received.

Author contribution

M.T.O.K.: conceptualisation, data curation, and writing – ori-
ginal draft preparation, reviewing, and editing; Z.A.: writing –

reviewing and editing, visualisation, and supervision; I.B.A.:
writing – reviewing and editing, visualisation, supervision, and
preparation; S.Z.: data curation, writing – original draft pre-
paration, reviewing, and editing; A.B.A.: data curation, writing –
original draft preparation, reviewing, and editing; H.H.: writing –
reviewing and editing, visualisation, and supervision; A.A.A.:
data curation, writing – original draft. The study’s inception and
design included contributions from all authors. All authors
evaluated and approved the final draft.

Oucif Khaled et al. Annals of Medicine & Surgery (2023)

6037



Conflicts of interest disclosure

The authors declare that they have no conflicts of interest.

Research registration unique identifying number
(UIN)

Not applicable.

Guarantor

Ali Alnazza Alhamad, PhD student in Physical Chemistry,
Department of Chemistry, Faculty of Science, University of
Aleppo, Syria. Tel: + 0945046826. https://orcid.org/0000-0001-
9401-12181218.

Data availability statement

Not applicable.

Provenance and peer review

Not applicable.

References
[1] Nagaraj R, Bijukumar DR, Mathew B, et al. A review on recent

advancements in ophthalmology devices: currently in market and under
clinical trials. J Drug Deliv Sci Technol 2019;52:334–45.

[2] Gorantla S, Rapalli VK, Waghule T, et al. Nanocarriers for ocular drug
delivery: current status and translational opportunity. RSC Adv 2020;
10:27835–55.

[3] Weng Y, Liu J, Jin S, et al. Nanotechnology-based strategies for treat-
ment of ocular disease. Acta Pharm Sin B 2017;7:281–91.

[4] Bargahi N, Ghasemali S, Jahandar-Lashaki S, et al. Recent advances for
cancer detection and treatment by microfluidic technology, review and
update. Biol Proced Online 2022;24:1–20.

[5] Ghasemali S, Farajnia S, Barzegar A, et al. New developments in anti-
angiogenic therapy of cancer, review and update. Anticancer Agents
Med Chem 2021;21:3–19.

[6] Raghava S, Goel G, and Kompella UB, Ophthalmic applications of
nanotechnology. Ocular Transporters inOphthalmic Diseases andDrug
Delivery: Ophthalmology Research; 2008. 415–35.

[7] Kompella UB, Amrite AC, Ravi RP, et al. Nanomedicines for back of the
eye drug delivery, gene delivery, and imaging. Prog Retin Eye Res 2013;
36:172–98.

[8] Ahmadkhani L, Mostafavi E, Ghasemali S, et al. Development and
characterization of a novel conductive polyaniline-g-polystyrene/Fe3O4

nanocomposite for the treatment of cancer. Artif Cells Nanomed
Biotechnol 2019;47:873–81.

[9] Zeghoud S, Chandran D, Amor IB, et al. Nanotechnology and nano-
materials in the treatment and diagnosis of cancer: correspondence. Ann
Med Surg 2023;85:2258–60.

[10] Barani M, Mukhtar M, Rahdar A, et al. Progress in the application of
nanoparticles and graphene as drug carriers and on the diagnosis of
brain infections. Molecules 2021;26:186.

[11] Barani M, Nematollahi MH, Zaboli M, et al. In silico and in vitro study
of magnetic niosomes for gene delivery: the effect of ergosterol and
cholesterol. Mater Sci Eng C 2019;94:234–46.

[12] Das SS, Bharadwaj P, Bilal M, et al. Stimuli-responsive polymeric
nanocarriers for drug delivery, imaging, and theragnosis. Polymers
2020;12:1397.

[13] Ghazy E, Rahdar A, Barani M, et al. Nanomaterials for Parkinson
disease: recent progress. J Mol Struct 2021;1231:129698.

[14] Hajizadeh MR, Maleki H, Barani M, et al. In vitro cytotoxicity assay of
D-limonene niosomes: an efficient nano-carrier for enhancing solubility
of plant-extracted agents. Res Pharm Sci 2019;14:448.

[15] Zahin N, Anwar R, Tewari D, et al. Nanoparticles and its biomedical
applications in health and diseases: special focus on drug delivery.
Environ Sci Pollut Res 2020;27:19151–68.

[16] Si X-Y, Merlin D, Xiao B. Recent advances in orally administered cell-
specific nanotherapeutics for inflammatory bowel disease. World J
Gastroenterol 2016;22:7718.

[17] Shi S, Zhang Z, Luo Z, et al. Chitosan grafted methoxy poly (ethylene
glycol)-poly (ε-caprolactone) nanosuspension for ocular delivery of
hydrophobic diclofenac. Sci Rep 2015;5:11337.

[18] Modi D, Mohammad, Warsi MH, et al. Formulation development,
optimization, and in vitro assessment of thermoresponsive ophthalmic
pluronic F127-chitosan in situ tacrolimus gel. J Biomater Sci Polym Ed
2021;32:1678–702.

[19] Ways TMM, LauWM, Khutoryanskiy VV. Chitosan and its derivatives
for application in mucoadhesive drug delivery systems. Polymers 2018;
10:267.

[20] Onugwu AL, Attama AA, Nnamani PO, et al. Development and opti-
mization of solid lipid nanoparticles coated with chitosan and poly (2-
ethyl-2-oxazoline) for ocular drug delivery of ciprofloxacin. J Drug
Deliv Sci Technol 2022;74:103527.

[21] Güven UM, Başaran E. In vitro-in vivo evaluation of olopatadine
incorporated chitosan nanoparticles for the treatment of ocular allergy.
J Drug Deliv Sci Technol 2021;64:102518.

[22] Zamboulis A, Nanaki S, Michailidou G, et al. Chitosan and its deri-
vatives for ocular delivery formulations: recent advances and develop-
ments. Polymers 2020;12:1519.

[23] Yu F, ZhengM, Zhang AY, et al. A cerium oxide loaded glycol chitosan
nano-system for the treatment of dry eye disease. J Control Release
2019;315:40–54.

[24] Allyn MM, Luo RH, Hellwarth EB, et al. Considerations for polymers
used in ocular drug delivery. Front Med 2022;8:2963.

[25] Abatangelo G, Vindigni V, Avruscio G, et al. Hyaluronic acid: rede-
fining its role. Cells 2020;9:1743.

[26] Zeng W, Li Q, Wan T, et al. Hyaluronic acid-coated niosomes facilitate
tacrolimus ocular delivery: mucoadhesion, precorneal retention, aqu-
eous humor pharmacokinetics, and transcorneal permeability. Colloids
Surf B Biointerfaces 2016;141:28–35.

[27] Kianersi S, SoloukA, Saber-Samandari S, et al. Alginate nanoparticles as
ocular drug delivery carriers. J DrugDeliv Sci Technol 2021;66:102889.

[28] Coursey TG, Henriksson JT, Marcano DC, et al. Dexamethasone
nanowafer as an effective therapy for dry eye disease. J Control Release
2015;213:168–74.

[29] Lakhani P, Patil A, Wu K-W, et al. Optimization, stabilization, and
characterization of amphotericin B loaded nanostructured lipid carriers
for ocular drug delivery. Int J Pharm 2019;572:118771.

[30] Weng YH, Ma XW, Che J, et al. Nanomicelle‐assisted targeted ocular
delivery with enhanced antiinflammatory efficacy in vivo . Adv Sci 2018;
5:1700455.

[31] Patel V, Rajani C, Paul D, et al. Dendrimers as novel drug-delivery
system and its applications. In: Drug Delivery Systems. Elsevier; 2020.
333–92.

[32] Afarid M, Mahmoodi S, Baghban R. Recent achievements in nano-
based technologies for ocular disease diagnosis and treatment, review
and update. J Nanobiotechnology 2022;20:1–36.

[33] Tagalakis AD, Madaan S, Larsen SD, et al. In vitro and in vivo
delivery of a sustained release nanocarrier-based formulation of an
MRTF/SRF inhibitor in conjunctival fibrosis. J Nanobiotechnology
2018;16:1–11.

[34] Apaolaza PS, Delgado D, del Pozo-Rodriguez A, et al. A novel gene
therapy vector based on hyaluronic acid and solid lipid nanoparticles for
ocular diseases. Int J Pharm 2014;465:413–26.

[35] Mandal A, Patel P, Pal D, et al. Multi-layered nanomicelles as self-
assembled nanocarrier systems for ocular peptide delivery. AAPS
PharmSciTech 2019;20:1–17.

[36] Razavi MS, Ebrahimnejad P, Fatahi Y, et al. Recent developments of
nanostructures for the ocular delivery of natural compounds. Front
Chem 2022;10:850757.

[37] Li Q, Wu X, Xin S, et al. Preparation and characterization of
a naringenin solubilizing glycyrrhizin nanomicelle ophthalmic
solution for experimental dry eye disease. Eur J Pharm Sci 2021;167:
106020.

[38] Li Q, Xin M, Wu X, et al. A nano-phytochemical ophthalmic solution
for marked improvement of corneal wound healing in healthy or dia-
betic mice. Nanomedicine 2022;17:151–65.

Oucif Khaled et al. Annals of Medicine & Surgery (2023) Annals of Medicine & Surgery

6038

https://orcid.org/0000-0001-9401-12181218
https://orcid.org/0000-0001-9401-12181218


[39] Attama AA, Momoh MA, Builders PF. Lipid nanoparticulate drug
delivery systems: a revolution in dosage form design and development.
Recent Adv in Novel Drug Carrier Syst 2012;5:107–40.

[40] Kumar R, Sinha VR. Solid lipid nanoparticle: an efficient carrier for
improved ocular permeation of voriconazole. Drug Dev Ind Pharm
2016;42:1956–67.

[41] Kumari S, Dandamudi M, Rani S, et al. Dexamethasone-loaded
nanostructured lipid carriers for the treatment of dry eye disease.
Pharmaceutics 2021;13:905.

[42] González-Mira E, Nikolić S, García M, et al. Potential use of nanos-
tructured lipid carriers for topical delivery of flurbiprofen. J Pharm Sci
2011;100:242–51.

[43] Yu-Wai-Man C, Larsen S, Neubig R, et al. In vitro and in vivo delivery
of a sustained release nanocarrier-based formulation of an MRTF/SRF
inhibitor in conjunctival fibrosis. Invest Ophthalmol Vis Sci 2019;60:
5241.

[44] Baig MS, Owida H, Njoroge W, et al. Development and evaluation of
cationic nanostructured lipid carriers for ophthalmic drug delivery of
besifloxacin. J Drug Deliv Sci Technol 2020;55:101496.

[45] Liu D, Lian Y, Fang Q, et al. Hyaluronic-acid-modified lipid-polymer
hybrid nanoparticles as an efficient ocular delivery platform for moxi-
floxacin hydrochloride. Int J Biol Macromol 2018;116:1026–36.

[46] Souto EB, Doktorovova S, Gonzalez-Mira E, et al. Feasibility of lipid
nanoparticles for ocular delivery of anti-inflammatory drugs. Curr Eye
Res 2010;35:537–52.

[47] Ibrahim SS. The role of surface active agents in ophthalmic drug
delivery: a comprehensive review. J Pharm Sci 2019;108:1923–33.

[48] Fu T, Yi J, Lv S, et al. Ocular amphotericin B delivery by chitosan-
modified nanostructured lipid carriers for fungal keratitis-targeted
therapy. J Liposome Res 2017;27:228–33.

[49] Aksungur P, Demirbilek M, Denkbaş EB, et al. Development and
characterization of cyclosporine A loaded nanoparticles for ocular drug
delivery: cellular toxicity, uptake, and kinetic studies. J Control Release
2011;151:286–94.

[50] Alvarez-Trabado J, Diebold Y, Sanchez A. Designing lipid nanoparticles
for topical ocular drug delivery. Int J Pharm 2017;532:204–17.

[51] Park J-H, Jeong H, Hong J, et al. The effect of silica nanoparticles on
human corneal epithelial cells. Sci Rep 2016;6:1–11.

[52] Toropainen E, Fraser-Miller SJ, Novakovic D, et al. Biopharmaceutics
of topical ophthalmic suspensions: importance of viscosity and particle
size in ocular absorption of indomethacin. Pharmaceutics 2021;13:452.

[53] Vo A, Feng X, Patel D, et al. Factors affecting the particle size dis-
tribution and rheology of brinzolamide ophthalmic suspensions. Int J
Pharm 2020;586:119495.

[54] Heurtault B, Saulnier P, Pech B, et al. Physico-chemical stability of
colloidal lipid particles. Biomaterials 2003;24:4283–300.

[55] Amor IB, Emran TB, Hemmami H, et al. Nanomaterials based on
chitosan for skin regeneration: an update. Int J Surg 2023;109:594–6.

[56] Jindal AB. The effect of particle shape on cellular interaction and drug
delivery applications of micro-and nanoparticles. Int J Pharm 2017;532:
450–65.

[57] Sun Y-N, Wang C-D, Zhang X-M, et al. Shape dependence of gold
nanoparticles on in vivo acute toxicological effects and biodistribution.
J Nanosci Nanotechnol 2011;11:1210–6.

[58] Varela-Fernández R, Díaz-Tomé V, Luaces-Rodríguez A, et al. Drug
delivery to the posterior segment of the eye: biopharmaceutic and
pharmacokinetic considerations. Pharmaceutics 2020;12:269.

[59] Attama AA, Reichl S, Müller-Goymann CC. Diclofenac sodium
delivery to the eye: in vitro evaluation of novel solid lipid nano-
particle formulation using human cornea construct. Int J Pharm
2008;355:307–13.

[60] Vollrath A, Kretzer C, Beringer-Siemers B, et al. Effect of crystallinity on
the properties of polycaprolactone nanoparticles containing the dual
FLAP/mPEGS-1 inhibitor BRP-187. Polymers 2021;13:2557.

[61] Attama A, Reichl S, Müller-Goymann C. Sustained release and per-
meation of timolol from surface-modified solid lipid nanoparticles
through bioengineered human cornea. Curr Eye Res 2009;34:698–705.

[62] Almehmady AM, El-Say KM, Mubarak MA, et al. Enhancing the
antifungal activity and ophthalmic transport of fluconazole from
PEGylated polycaprolactone loaded nanoparticles. Polymers 2023;15:
209.

[63] Chu KS, Schorzman AN, Finniss MC, et al. Nanoparticle drug loading
as a design parameter to improve docetaxel pharmacokinetics and
efficacy. Biomaterials 2013;34:8424–9.

[64] Huang H, Yang X, Li H, et al. iRGD decorated liposomes: a novel
actively penetrating topical ocular drug delivery strategy. Nano Res
2020;13:3105–9.

[65] Alharbi WS, Hosny KM. Development and optimization of ocular
in situ gels loaded with ciprofloxacin cubic liquid crystalline nano-
particles. J Drug Deliv Sci Technol 2020;57:101710.

[66] Maulvi FA, Patil RJ, Desai AR, et al. Effect of gold nanoparticles on
timolol uptake and its release kinetics from contact lenses: in vitro and
in vivo evaluation. Acta Biomater 2019;86:350–62.

[67] Tonglairoum P, Brannigan RP, Opanasopit P, et al. Maleimide-bearing
nanogels as novel mucoadhesive materials for drug delivery. J Mater
Chem B 2016;4:6581–7.

[68] Brannigan RP, Khutoryanskiy VV. Synthesis and evaluation of
mucoadhesive acryloyl-quaternized PDMAEMA nanogels for ocular
drug delivery. Colloids Surf B Biointerfaces 2017;155:538–43.

[69] Shah R, Eldridge D, Palombo E, et al. Lipid Nanoparticles: Production,
Characterization and Stability, Vol. 1. Springer; 2015.

[70] Leonardi A, Bucolo C, Romano GL, et al. Influence of different sur-
factants on the technological properties and in vivo ocular tolerability of
lipid nanoparticles. Int J Pharm 2014;470:133–40.

[71] AmmarH,HaiderM, IbrahimM, et al. In vitro and in vivo investigation
for optimization of niosomal ability for sustainment and bioavailability
enhancement of diltiazem after nasal administration. Drug Deliv 2017;
24:414–21.

[72] López-Machado A, Díaz-Garrido N, Cano A, et al. Development of
lactoferrin-loaded liposomes for the management of dry eye disease and
ocular inflammation. Pharmaceutics 2021;13:1698.

[73] Morrison PW, Porfiryeva NN, Chahal S, et al. Crown ethers: novel
permeability enhancers for ocular drug delivery? Mol Pharm 2017;14:
3528–38.

[74] Akhter S, Talegaonkar S, Khan ZI, et al. Assessment of ocular phar-
macokinetics and safety of ganciclovir loaded nanoformulations.
J Biomed Nanotechnol 2011;7:144–5.

[75] Khalil IA, Ali IH, El-Sherbiny IM. Noninvasive biodegradable nano-
particles-in-nanofibers single-dose ocular insert: in vitro, ex vivo and
in vivo evaluation. Nanomedicine 2019;14:33–55.

[76] Eldien H. A randomized controlled trial comparing urea loaded
nanoparticles to placebo: a new concept for cataract management.
ClinicalTrial.gov.

[77] Essa L, Laughton D, Wolffsohn JS. Can the optimum artificial tear
treatment for dry eye disease be predicted from presenting signs and
symptoms? Cont Lens Anterior Eye 2018;41:60–8.

[78] Sheppard J, Bergmann M, Schechter BA, et al. Phase 3 efficacy (worse-
eye analysis) and long-term safety evaluation of OTX-101 in patients
with keratoconjunctivitis sicca. Clin Ophthalmol 2021:129–40.

[79] Tiwari P, Sinha VR, and Kaur R. Clinical considerations on micro-and
nanodrug delivery systems. In: Drug Delivery Trends. Elsevier; 2020.
77–101.

[80] Korb DR, Scaffidi RC, Greiner JV, et al. The effect of two novel lubri-
cant eye drops on tear film lipid layer thickness in subjects with dry eye
symptoms. Optom Vis Sci 2005;82:594–601.

[81] Mehra NK, Cai D, Kuo L, et al. Safety and toxicity of nanomaterials for
ocular drug delivery applications. Nanotoxicology 2016;10:836–60.

[82] Almeida H, Lobão P, Frigerio C, et al. Preparation, characterization and
biocompatibility studies of thermoresponsive eyedrops based on the
combination of nanostructured lipid carriers (NLC) and the polymer
Pluronic F-127 for controlled delivery of ibuprofen. PharmDev Technol
2017;22:336–49.

[83] Zhang R, Qian J, Li X, et al. Treatment of experimental autoimmune
uveoretinitis with intravitreal injection of infliximab encapsulated in
liposomes. Br J Ophthalmol 2017;101:1731–8.

[84] Tan G, Yu S, Pan H, et al. Bioadhesive chitosan-loaded liposomes: a
more efficient and higher permeable ocular delivery platform for timolol
maleate. Int J Biol Macromol 2017;94:355–63.

[85] Castro BFM, de Oliveira Fulgêncio G, Domingos LC, et al. Positively
charged polymeric nanoparticles improve ocular penetration of tacro-
limus after topical administration. J Drug Deliv Sci Technol 2020;60:
101912.

[86] Vaneev A, Tikhomirova V, Chesnokova N, et al. Nanotechnology for
topical drug delivery to the anterior segment of the eye. Int J Mol Sci
2021;22:12368.

[87] Samimi M, Mahboobian M, Mohammadi M. Ocular toxicity assess-
ment of nanoemulsion in-situ gel formulation of fluconazole. Hum Exp
Toxicol 2021;40:2039–47.

Oucif Khaled et al. Annals of Medicine & Surgery (2023)

6039



[88] Mehra N, Aqil M, Sultana Y. A grafted copolymer-based nanomicelles
for topical ocular delivery of everolimus: formulation, characterization,
ex-vivo permeation, in-vitro ocular toxicity, and stability study. Eur J
Pharm Sci 2021;159:105735.

[89] Bachu RD, Chowdhury P, Al-Saedi ZH, et al. Ocular drug delivery
barriers—role of nanocarriers in the treatment of anterior segment
ocular diseases. Pharmaceutics 2018;10:28.

[90] Wang R, Gao Y, Liu A, et al. A review of nanocarrier-mediated drug
delivery systems for posterior segment eye disease: challenges analysis
and recent advances. J Drug Target 2021;29:687–702.

[91] Cabrera FJ, Wang DC, Reddy K, et al. Challenges and opportunities for
drug delivery to the posterior of the eye. Drug Discov Today 2019;24:
1679–84.

[92] Gote V, Sikder S, Sicotte J, et al. Ocular drug delivery: present innova-
tions and future challenges. J Pharmacol Expl Ther 2019;370:602–24.

[93] Lyu Q, Peng L, Hong X, et al. Smart nano-micro platforms for oph-
thalmological applications: the state-of-the-art and future perspectives.
Biomaterials 2021;270:120682.

[94] Rodrigues GA, Lutz D, Shen J, et al. Topical drug delivery to the pos-
terior segment of the eye: addressing the challenge of preclinical to
clinical translation. Pharm Res 2018;35:245.

[95] Patra JK, Das G, Fraceto LF, et al. Nano based drug delivery systems:
recent developments and future prospects. J Nanobiotechnology 2018;
16:1–33.

[96] Sinha A, Simnani FZ, Singh D, et al. The translational paradigm of
nanobiomaterials: biological chemistry to modern applications. Mater
Today Bio 2022;17:100463.

[97] Mittal KR, Pharasi N, Sarna B, et al. Nanotechnology-based drug
delivery for the treatment of CNS disorders. Transl Neurosci 2022;13:
527–46.

[98] Onugwu AL, Nwagwu CS, Onugwu OS, et al. Nanotechnology based
drug delivery systems for the treatment of anterior segment eye diseases.
J Control Release 2023;354:465–88.

[99] Witika BA, Makoni PA, Matafwali SK, et al. Biocompatibility of bio-
materials for nanoencapsulation: current approaches. Nanomaterials
2020;10:1649.

[100] Zolnik BS, González-Fernández Á, Sadrieh N, et al. Minireview:
nanoparticles and the immune system. Endocrinology 2010;151:
458–65.

[101] Kimna C, Winkeljann B, Hoffmeister J, et al. Biopolymer-based nano-
particles with tunable mucoadhesivity efficiently deliver therapeutics
across the corneal barrier. Mater Sci Eng C 2021;121:111890.

Oucif Khaled et al. Annals of Medicine & Surgery (2023) Annals of Medicine & Surgery

6040


