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Abstract

Ocular drug delivery has constantly challenged ophthalmologists and drug delivery scientists due to various ana-
tomical and physiological barriers. Static and dynamic ocular barriers prevent the entry of exogenous substances

and impede therapeutic agents’ active absorption. This review elaborates on the anatomy of the eye and the associ-
ated constraints. Followed by an illustration of some common ocular diseases, including glaucoma and their current
clinical therapies, emphasizing the significance of drug therapy in treating ocular diseases. Subsequently, advances

in ocular drug delivery modalities, especially nanotechnology-based ocular drug delivery systems, are recommended,
and some typical research is highlighted. Based on the related research, systematic and comprehensive characteriza-
tions of the nanocarriers are summarized, hoping to assist with future research. Besides, we summarize the nanotech-
nology-based ophthalmic drugs currently on the market or still in clinical trials and the recent patents of nanocarriers.
Finally, inspired by current trends and therapeutic concepts, we provide an insight into the challenges faced by novel
ocular drug delivery systems and further put forward directions for future research. We hope this review can provide
inspiration and motivation for better design and development of novel ophthalmic formulations.
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Introduction

The eye, a highly complex, isolated and specialized
organ, is the most significant sensory organ of the
human body because about 80% of all sensory input is
acquired via the eye [1]. Anatomically, ocular tissues
are protected by dynamic and static barriers [2]. Tear
turnover, reflex blinking, and nasolacrimal drainage
prevent foreign substances away from the eye surface
[2, 3]. The eyelid, conjunctiva and corneal epithelium
cover and protect the eye surface [4]. In addition,
the blood- aqueous barriers (BAB) and blood-retina
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barriers (BRB) limit the entry of compounds from the
systemic circulation [5]. This defense system is further
assisted by enzymes and other barriers (sclera, retinal
etc.) [6, 7].

Although there are multiple protective mechanisms,
the eyeball is still vulnerable to infection, trauma and
other injuries due to its communication with the outside
[8]. The World Health Organization reports that at least
2.2 billion people around the world have visual impair-
ment [9]. Ocular diseases, such as keratitis [10], cataract
[11], glaucoma [12], age-related macular degeneration
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(AMD) [13] and diabetic retinopathy (DR) [14] can seri-
ously damage the patients’ visual acuity and affect their
life quality. The National Eye Institute estimated that the
annual economic burden associated with eye conditions
and vision impairment in the US is about $139 billion
[15].

Drug therapy is the primary treatment for most eye
diseases [16]. Delivering drugs to target eye tissues at
the desired therapeutic concentration without damaging
healthy tissues is a current research hotspot [17]. Ocular
drug delivery systems (ODDS) are designed to: (1) over-
come ocular barriers to deliver drugs to target eye tis-
sues, (2) improve drug stability and treatment efficiency,
(3) prolong drug retention time and reduce dosing fre-
quency, (4) enable multiple drug combinations, and (5)
improve patient adherence and reduce drug-related
adverse events [18, 19].

Traditional administration methods, such as topical eye
drops, conjunctival and scleral administration, intraca-
meral administration, intravitreal injection, retrobulbar
injection and systemic administration, are widely used
clinically and have achieved certain therapeutic effects
[20]. However, as mentioned earlier, the presence of ocu-
lar barriers poses a significant challenge for therapeutics
in terms of reaching the intended site and staying there
for a sufficient duration. As a result, the bioavailability of
these therapeutics is often limited, typically less than 5%
[21].

With the development of nanotechnology, dynamic
progress has been made in the field of ocular drug deliv-
ery, which provides new therapeutic interventions for
ocular diseases [21, 22]. Compared with traditional drug
administration, nanocarriers offer numerous advantages,
including the capacity to overcome ocular barriers, pro-
mote transcorneal permeability, prolong drug residence
time, reduce drug degradation, reduce dosing frequency,
improve patient compliance, achieve sustained/con-
trolled release, drug targeting and gene delivery [23].
Novel drug carriers, such as nanomicelles, nanoparticles
(NPs), nanoemulsions (NEs), microemulsions, nanofib-
ers, dendrimers, liposomes, niosomes, nanowafers,
microneedles (MNs), have been investigated for the ther-
apy of anterior and posterior ocular diseases [24].

In this review, we attempted to provide a holistic over-
view of novel ODDS reported in the past five years. First,
we described the specific anatomy of the eye and the
ocular barriers, illustrating the key factors that lead to
the low bioavailability of the therapeutics. Subsequently,
based on the current treatment status of ophthalmic
diseases, several conventional and alternative routes of
administration were summarized and compared, espe-
cially their limitations and innovative progress. Then, we
discussed the recent advances in novel nanocarriers, such
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as nanomicelles, NPs, nanosuspensions, microemulsions,
dendrimers, liposomes, etc. and highlighted some recent
research. In particular, we also introduced gene therapy;,
exosome and self-nano emulsifying drug delivery systems
(SNEDDS), which have huge potential in ocular drug
delivery. In view of the reports of these ODDS, we high-
lighted their characteristics to assist with future related
research. Meanwhile, ophthalmic drugs currently on the
market or still in clinical trials were summarized, as well
as the recent patents of nanocarriers. Finally, inspired by
current trends and therapeutic concepts, we focused on
novel non-invasive ODDS to overcome ocular barriers,
sustain drug release, and maintain effective drug levels at
the therapeutic target. Although most current research
is still in the basic research stage, ocular drug delivery
based on nanotechnology is expected to become the
main means of ocular drug therapy.

The anatomy and barriers of the eye

The anatomical structure of the eyeball can be divided
into the anterior and posterior segments based on the
lens. Figure 1 illustrates the anatomy of the human eye.
The anterior segment includes the cornea, conjunctiva,
iris, ciliary body, aqueous humor and lens, while the pos-
terior segment includes the sclera, choroid, retina and
vitreous body [25, 26].

Various absorption barriers exist in the human eye
(Fig. 2) [27]. They are briefly divided into static and
dynamic barriers to prevent foreign substances, includ-
ing therapeutic agents, from targeting various eye tis-
sues [28]. Static barriers of the eye mainly include
cornea, conjunctiva, sclera, vitreal barrier, BAB and BRB,
while dynamic barriers primarily include tear film, tear
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Fig. 2 Drug delivery barriers in ocular routes [26]. The absorption barriers of the eye mainly include tear film barrier, corneal barrier, conjunctival
and scleral barriers, vitreal barrier, blood-aqueous barrier, blood-retinal barrier. Copyright 2022, Drug Delivery and Translational Research

turnover, nasolacrimal duct drainage, conjunctival and
choroidal blood flow and lymphatic clearance [29-31].
These barriers limit the passive absorption of diverse
therapeutic molecules, thereby reducing the ocular bioa-
vailability of different agents. Details are described below
to understand the absorption barriers further.

Tear film, tear turnover, nasolacrimal duct drainage

The tear film is a thin, transparent fluid layer consisted of
three layers: a surface lipid layer, an intermediate aqueous
layer, and an inner mucin layer [32]. The lipid and water
layers act as barriers for hydrophilic and hydrophobic
drugs, respectively [33]. Mucins are negatively charged
macromolecules that attract or repel drugs through elec-
trostatic interactions and protect the eye’s surface from
harmful external stimuli and pathogens [34]. At the same
time, the non-specific binding of drugs to tear enzymes
(such as lysozyme), mucin layers, and proteins (such as
albumin) prevents drugs from reaching the cornea and
anterior chamber [35].

In addition, tear turnover increases after topical inso-
lation of drugs, resulting in rapid clearance of drug mol-
ecules through nasolacrimal drainage (within one to two
minutes) [6, 36]. Meanwhile, due to the limited surface

area of the eye, ~ 30 uL of the drug dropped into the eye
is quickly expelled down the lacrimal passage until the
tear fluid returns to the normal volume (7-9 pL) [37].
Approximately 60% of the drug is eliminated 2 min after
treatment with topical eye drops. After 8 min, the drug
is diluted to 0.1%, and after 15 to 25 min, almost all the
active ingredients are removed from the corneal surface
[38].

Cornea

The healthy cornea is a clear, avascular tissue and the
main barrier for foreign substances to enter the anterior
chamber [39]. Structurally, it comprises five layers: the
outer epithelium, Bowman’s membrane, intermediate
stroma, Descemet’s membrane and endothelial layer [40].
The barriers preventing drug penetration into paren-
chyma are mainly epithelial, stromal and endothelial lay-
ers [41].

The corneal epithelium is characterized by tight junc-
tions within the surface cell layer [37]. Due to its lipophi-
licity, it is an obvious obstacle, especially for hydrophilic
compounds [42]. Besides, the existence of cytochrome
P450 (drug-degrading enzymes) and drug efflux
pumps in epithelial cells is another reason for low drug
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bioavailability [43-45]. In contrast, the highly hydrated
matrix structure is a layered arrangement of collagen fib-
ers immersed in the extracellular matrix, hindering the
diffusion of lipophilic drugs [46]. The endothelial cells act
as a leakage barrier to aqueous humor due to the pres-
ence of gap junctions [47]. These features make the cor-
nea a primary barrier that obstructs drug delivery to the
anterior segment of the eye [48].

Conjunctival and scleral barriers

The alternative route of drug entry into the eye after topi-
cal instillation is the non-corneal route comprised of the
conjunctiva and sclera [7, 49]. The conjunctiva, a mucous
membrane formed by a vascularized epithelial group and
an inner stromal layer, is located on the eyelid’s posterior
surface and in the cornea’s outer region [50]. It forms and
maintains the tear film and protects the ocular surface
from environmental pathogens [51]. Besides, the con-
junctiva has a surface area that is around 17 times big-
ger than that of the cornea, making it more permeable
than the cornea and offering a superior pathway for the
absorption of macromolecules and hydrophilic com-
pounds [52, 53].

Nevertheless, the conjunctiva is highly vascularized.
Rather of staying localized in the intraocular segment,
medicines that penetrate the conjunctiva can be system-
atically absorbed from the conjunctival sac or nasal cavity
and distributed throughout the body [16, 54]. This mech-
anism can lead to huge drug loss into the systemic cir-
culation, reducing bioavailability within the ocular region
[54]. To enhance drug efficacy, high concentrations of
the drug and repeated instillations are usually necessary
to achieve the desired therapeutic effect. However, this
approach can negatively impact patient compliance and
increase the likelihood of side effects [55].

After clearance from the conjunctiva, the drug travels
through the sclera to the anterior segment (transscleral
route). The sclera is the white part of the eye and appears
as an opaque, hard sheath that wraps around the outer
layer of the eyeball [56]. It has relatively high permeabil-
ity and a larger surface area than the cornea. The scleral
penetration is mainly determined by the size of the drug
molecule instead of its lipophilicity [41]. Scleral thickness
seems to be a critical factor in transscleral drug deliv-
ery [57]. The spread of the drug across the sclera occurs
through the perivascular space and between the scleral
fibrils, eventually reaching the choroid and the retina
[58].

The blood-aqueous barrier

The blood-aqueous barrier, consisting of the non-pig-
mented ciliary body of the iris vasculature and the epi-
thelial tissue of the endothelial cells, is the main barrier in
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the anterior segment of the eye, which prevents the non-
specific entry of various solutes in the intraocular envi-
ronment [59]. The permeability of drugs across the BAB
is determined by the osmotic pressure and physicochem-
ical properties of drug molecules [60]. Lipophilic and
small-molecule drugs can pass through the BAB and exit
the anterior compartment more rapidly than hydrophilic
and large-molecule drugs. For instance, pilocarpine was
discovered to have a faster clearance rate than inulin [61].
It remains a challenge for ocular drug delivery due to its
specialized tissue barriers that can hinder therapeutic
efficacy.

The blood-retinal barrier

The blood-retinal barrier comprises internal and exter-
nal components and is the most important barrier in the
posterior part of the eye [62]. The inner BRB is formed
by tight junctions between retinal capillary endothelial
cells, while the outer BRB is formed by close junctions
between retinal pigment epithelial cells [63]. The BRB
prevents water, plasma components and toxic substances
from entering the retina [64]. At the same time, it may
also limit the access of drug molecules to the intraocular
environment [65]. Hence, BRB is necessary to keep the
eye as a privileged place to maintain normal visual func-
tion [66].

Ocular diseases

At present, more than 500 kinds of eye diseases are
known, such as glaucoma, macular degeneration, diabetic
retinopathy, dry eye disease (DED), etc. The prevalence
of ocular diseases is steadily increasing due to changing
eye usage patterns and the ageing population. These con-
ditions profoundly impact individuals’ health and quality
of life, emphasizing the urgent need for effective inter-
ventions. Drug therapy undoubtedly plays a pivotal role
in treating many ocular diseases.

Glaucoma

Glaucoma, an eye disease characterized by progres-
sive vision loss, is the second leading cause of blindness
worldwide after cataracts [67]. It is estimated that the
number of glaucoma patients will increase to 111.8 mil-
lion by 2040 [68]. High intraocular pressure (IOP) is an
essential feature of glaucoma [69]. Elevated intraocular
pressure can induce the loss of corneal endothelial cells
[70]. In addition, high intraocular pressure can also com-
press the retinal blood vessels, leading to the damage of
retinal ganglion cells and optic nerve [71].

Although glaucoma is considered a multifactorial
disease, current treatment mainly focuses on lower-
ing intraocular pressure to slow or reduce subsequent
visual loss [72]. Treatment usually begins with topical
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anti-glaucoma medications. However, the bioavailabil-
ity of topical administration is below 5% due to high
precorneal loss and low corneal penetration [37, 48,
73]. At the same time, frequent ocular administration
decreases patient compliance [74]. Therefore, it is neces-
sary to use nanotechnology to effectively deliver drugs,
improve bioavailability and maintain the efficacy of anti-
glaucoma drugs.

Age-related macular degeneration

AMD is the third leading cause of severe irreversible
vision loss globally, and the number of AMD patients
worldwide is expected to increase to nearly 300 million
by 2040 [75]. It is clinically divided into early AMD and
late AMD. The clinical symptoms of early AMD include:
medium size stone fruit and retinal pigment changes, and
late AMD is classified as neovascular (also called wet or
exudative) or non-neovascular (also called atrophic, dry
or non-exudative), which may lead to central vision loss
and legal blindness [76].

High doses of zinc and antioxidant vitamin sup-
plements can slow disease progression from early to
advanced stages [77]. Intravitreal injection (IVT) of
anti-vascular endothelial growth factors (VEGF) (such
as bevacizumab (Bev), aflibercept, etc.) effectively treats
neovascular AMD, but it’s still invasive [78]. Therefore,
exploiting new drug delivery systems for personalized
drug delivery is particularly important.

Diabetic retinopathy
Diabetic retinopathy is a chronic complication of diabetes
and the leading cause of vision loss and blindness glob-
ally [79]. In severe cases, retinal detachment can gradu-
ally manifest as blurred vision, ocular floaters, distorted
vision, and even partial or complete vision loss [80].
Clinically, if laser treatment is performed in time, reti-
nal circulation can be improved, avoiding vitreous hem-
orrhage and retinal neovascularization. However, for
patients with macular oedema, it is usually necessary to
inject anti-VEGF to treat macular oedema and improve
vision [81]. Unfortunately, regular intravitreal injec-
tions may cause damage to the ocular tissue, and not all
patients respond optimally [82, 83]. Vitrectomy is needed
in case of fundus hemorrhage or proliferative vitreoretin-
opathy [84]. Given the low bioavailability of drugs, poten-
tial adverse effects, and inevitable risks in major surgery,
novel drug delivery methods are required to bring new
ideas for the therapy of DR.

Dry eye disease

Dry eye disease, known as dry keratoconjunctivitis, is a
multifactorial ocular surface disease [85]. It is character-
ized by tear film instability, hypertonicity, inflammation,
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ocular surface damage, and nerve paresthesia [86]. The
global prevalence of dry eye is five to 50% [87]. The symp-
toms of DED include ocular irritation, pain, soreness, for-
eign body sensation, and decreased vision. DED seriously
affects the quality of patients’ lives, causes psychological
anxiety, and adds a huge economic burden to society [88,
89]. To date, the pathogenesis of DED has not been fully
elucidated, and most researches perceived that inflam-
mation is the core of its pathogenesis [90].

The diagnosis and treatment of DED can be divided
into two main categories: dehydration type and evapo-
ration type [86]. Common drug treatments include arti-
ficial tears, local secretagogues, corticosteroids, and
immunosuppressants; however, there are side effects
such as ocular discomfort, low patient compliance, ele-
vated intraocular pressure, and glaucoma [91]. Exploiting
new drug delivery methods to overcome ocular barriers
and improve drug bioavailability is particularly critical.

Traditional routes of drug administration

The traditional routes of administration mainly include
topical administration, conjunctival and scleral admin-
istration, intracameral administration, intravitreal injec-
tion, retrobulbar injection, systemic routes et al. [41].
The traditional routes of ocular drug administration are
shown in Fig. 3. Depending on the routes of administra-
tion, one or more ocular barriers must be bypassed to
allow the drug to reach the targeted site. Table 1 outlines
several traditional routes of administration and their
associated advantages and limitations.

Topical
A\

Intracameral
@

Systemic

Subconjunctival

Retrobulbar Injection

Intravitreal
Fig. 3 Routes of drug administration for ocular delivery. They mainly
contain topical administration, subconjunctival and transscleral
administration, intracameral administration, intravitreal injection
and systemic administration et al.
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Topical administration

Topical administration is the most common and straight-
forward route of ocular drug administration [41]. Com-
pared with systemic administration, it has the advantages
of (1) being relatively non-invasive, (2) minimizing sys-
temic side effects of the drug, and (3) the relative ease of
patient administration [92, 93]. Therefore, ophthalmic
solutions are the first choice for treating many eye dis-
eases, such as infection, inflammation, DED, glaucoma,
and allergy [94]. It is estimated that topical ophthalmic
solutions account for 95% of the commercially available
products in the global ophthalmic medicines market [95].

However, due to the unique physiological and anatomi-
cal structure of the eye, drug delivery in the eye is limited,
and bioavailability is usually less than 5% [96]. High drug
concentrations and repeated instillation are commonly
needed to improve the efficacy of drug administration
through the local route, which may lead to poor patient
compliance and numerous side effects [6].

There are two main strategies to improve ocular bio-
availability after topical administration: (a) increase the
pre-corneal retention time, and (b) enhance the perme-
ability of corneal, scleral, or conjunctival drugs [16].
Various approaches have been proposed to prolong drug
residence time after topical administration, including
prodrugs, mucus osmotic particles, enhancers, colla-
gen corneal shields, and therapeutic contact lenses [97].
In addition, nanocarriers also open up new windows for
liquid and semi-solid formulations to increase drug avail-
ability [48].

Subconjunctival and transscleral administration
Subconjunctival administration is a minimally invasive
and effective route to deliver drugs to the anterior or
posterior eye chamber, avoiding the corneal and blood-
aqueous barriers, potential adverse effects and first-pass
metabolism of some systemic agents [98, 99]. However,
the subconjunctival route may result in drug loss due to
blood and lymphatic drainage through the conjunctiva
55, 100].

Similarly, transscleral administration is a simple, mini-
mally invasive, and more suitable method for patients.
This route can bypass the obstacles in the anterior part
of the eye [101]. At the same time, the large surface area
of the sclera (about 95% of the total surface area of the
eye) offers the chance of delivering antioxidants, neuro-
protective agents or anti-angiogenic agents to targeted
sites in the retina [102]. It has been demonstrated that
molecules up to 70 kDa can easily penetrate the sclera,
whereas molecules that cross the cornea are under 1 kDa
[99]. However, due to the dynamic barriers, the intraocu-
lar bioavailability of this method is lower than that of the
direct intravitreal injection route [41, 103].
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Intracameral administration

Intracameral administration injects drugs directly into
the eye’s anterior chamber [104]. This local delivery
approach avoids the adverse effects and first-pass metab-
olism with some systemic agents. At the same time, it
also avoids the cornea, conjunctiva, and BAB [105]. Thus,
intracameral injections allow relatively easy and efficient
drug delivery to the anterior segment of the eye [106,
107]. Currently, intracameral injections are used for pro-
phylactic antibiotics or anesthetics associated with eye
surgeries [108—-111].

However, administration in the anterior chamber can’t
deliver drugs to the posterior chamber of the eye. At the
same time, drugs in the anterior chamber usually require
reorganization, dilution, sterility, special preparations
without preservatives, and appropriate concentrations
and doses [112]. Corneal endothelial cell toxicity and
toxic anterior segment syndrome may occur if incorrect
doses and preparations are used [113].

Intravitreal injection

Intravitreal injection is a preferred method of medicine
administration in the posterior part of the eye to treat
ophthalmic diseases in the eyeball [114]. Due to vitreous
fluid turnover, free drugs can be removed quickly after
IVT injections [3]. Frequent IVTs are required to achieve
good therapeutic results, which may result in side effects
such as retinal detachment, eyeball infection, endoph-
thalmitis and elevated intraocular pressure [115, 116].
Therefore, the optimal protocol for IVT is a one-time
injection of the drug without retracting the needle and
keeping the eyeball system closed.

Recent studies have focused on maintaining therapeu-
tic effects, prolonging treatment intervals and protecting
normal ocular tissues. NPs, intravitreal implants, hydro-
gels, combinatorial systems, and minimally invasive tech-
niques are under preclinical and clinical investigations,
which act as safer and more efficient alternatives to com-
bat ophthalmic diseases [24, 117].

Retrobulbar injection

The retrobulbar route involves injecting needles through
the eyelid and orbital fascia to deliver drugs to the ret-
robulbar space [118, 119]. Retrobulbar injection of tri-
amcinolone acetonide treats macular oedema caused
by retinal vein occlusion [120]. The antifungal effect of
retrobulbar injection of amphotericin B is higher than
intravenous injection [121]. Retrobulbar injection of
chlorpromazine is used to treat painful blind eyes [122].
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Systemic administration

Systemic administration (including parenteral and oral
dosing) is an alternative method of drug delivery. At pre-
sent, systemic administration has been used to deliver
antibodies, antibiotics, and carbonic anhydrase inhibi-
tors to treat diseases such as endophthalmitis, elevated
intraocular pressure, and uveitis [123—-126]. Neverthe-
less, due to the ocular barriers and the tight junctions
of the retinal pigment epithelium that allow only one to
two per cent of the drug to reach the retinal and vitreous
regions, frequent administrations are required to obtain
the desired therapeutic effect, which may contribute to
systemic side effects and poor patient compliance [108,
127]. Therefore, it is not an ideal mode of administration.

Pharmacokinetics

Based on the ocular barriers and drug administration
described above, ocular pharmacokinetics, including
penetration and elimination, are discussed in detail. As
shown in Fig. 4 [6, 128], it mainly contains the following
pathways: (1) through the tears and cornea into the ante-
rior chamber, (2) non-corneal permeation into the ante-
rior uvea through the conjunctiva and sclera, (3) drug
from the bloodstream cross BAB to the anterior chamber,
(4) drug from the aqueous humor cross BAB to the sys-
temic circulation, (5) drug elimination from the aqueous
humor to the trabecular meshwork and Schlemm’s canal,
(6) drug distribution from the circulation through BRB to
the posterior segment of the eye, (7) intravitreal admin-
istration, (8) elimination from the vitreous body into the

Vitreous

Aqueous hum9 ) / - R
1 \<5 s
—

Retina

=~ Sclera
Choroid

Blood-aqueous bafrier

Fig. 4 The pathways of drug metabolism. According to the arrows
in the figure, there are nine major pathways of drug metabolism,
as described in detail above
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posterior compartment via an anterior route, and (9)
elimination from the vitreous body via a posterior route
through BRB.

Nanotechnology-based ocular drug delivery
systems

To overcome ocular drug delivery barriers and improve
drug bioavailability, novel drug delivery systems have
been developed. Nanocarriers’ development offers many
advantages, including overcoming ocular barriers, pro-
moting transcorneal permeability, prolonging drug resi-
dence time, reducing the dosing frequency, improving
patient compliance, reducing drug degradation, achiev-
ing sustained/controlled release, drug targeting and gene
delivery [23]. Many ocular drug delivery systems such as
nanomicelles, NPs, nanosuspensions, NEs, microemul-
sions, nanofibers, dendrimers, liposomes, niosomes,
nanowafers, MNs and exosomes (Fig. 5), have shown
splendid delivery potential in both vitro and vivo studies,
enhancing drug permeability across the ocular barriers
and prolonging the residence time in the eye [23, 129].

Nanomicelles

Nanomicelles are core—shell nanocarriers formed by
spontaneous assembly of amphiphilic copolymers with
hydrophobic groups as the core and hydrophilic groups
as the outer shell [130]. Usually, the particle size ranges
from 10 to 100 nm and can be divided into three cate-
gories: polymers, surfactants, and multi-ion composite
nanomicelles [131]. Besides, hydrophobic interactions,
hydrogen bonds, electrostatic interactions, etc., are the
driving forces for polymer micelle formation [132]. Posi-
tive micelles are generally formed when the hydrophobic
moiety forms clusters within the core and the hydro-
philic moiety is aligned outwards to increase contact with
water. Likewise, when the opposite arrangement occurs,
the aggregates are referred to as reverse micelles [133].
Positive micelles are used to encapsulate, solubilize, and
deliver hydrophobic drugs, whereas reverse nanomi-
celles are used to encapsulate and deliver hydrophilic
drugs [134]. The unique chemical structure of nanomi-
celles can solubilize drugs internally, reduce adverse reac-
tions, improve the stability of drugs, and have a sustained
release effect, regarded as safe alternatives for ocular
drug delivery [135, 136].

Cyclosporine is an immunomodulatory drug employed
in treating DED. Given its relatively high molecular
weight and poor permeability, Ghezzi et al. prepared
micelles using tocopherol polyethene glycol 1000 succi-
nate (TPGS) and Solutol®HS15 for cyclosporine delivery.
Meanwhile, the addition of a-linolenic acid was evaluated
based on the results of using fatty acids for micelle prepa-
ration [137, 138] and drug loading [139, 140]. Also, the
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Fig. 5 Nanotechnology based drug delivery systems for ocular application

effect of TPGS as a corneal permeability promoter and
irreversible changes in tissue permeability were analyzed.
It was demonstrated that TPGS micelles (approximately
13 nm in size), loaded with 5 mg/mL cyclosporine, facil-
itated drug retention in the cornea and sclera and pos-
sessed good tolerance for ocular applications [141].

Besides, XU et al. developed chitosan oligosaccharide-
valylvaline-stearic acid (CSO-VV-SA) nanomicelles
and hydrogen-castor oil 40/octyl alcohol 40 (HCO-40/
OC-40) hybrid nanomicelles for topical ocular drug
delivery. Neither nanomicelles produced significant cyto-
toxicity in human corneal or conjunctival epithelial cells.
Dexamethasone in both nanomicelles was detectable in
rabbit tears for over 3 h. Notably, the delivery efficiency
of CSO-VV-SA nanomicelles was not inferior to HCO-
40/0C-40 hybrid nanomicelles at both cellular and
animal levels, which suggested that CSO-VV-SA nanomi-
celles would have further potential for clinical translation
as novel drug delivery carriers [142].

Traditional intravitreal injection of anti-VEGF into
the posterior part of the eye to treat retinal diseases is
invasive and accompanied by various complications. A
nano-micelle drug delivery system composed of poly-
ethene glycol (PEG), polypropylene glycol, and polycap-
rolactone (PCL) fragments was developed to avoid these.
The copolymer EPC (nEPC) locally delivers aflibercept to
the posterior segment of the eye via the corneal-scleral
routes. Animal experiments have shown that aflibercept-
loaded nEPCs (nEPCs+A) can penetrate the cornea
in an ex vivo porcine eye model and deliver aflibercept
to the retina to promote choroidal neovascularization
(CNV) regression in a mouse model of laser-induced
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CNV. Besides, nEPCs+ A showed good biocompatibility
and intrinsic anti-angiogenic properties. These findings
suggest that nEPCs may be promising candidates for fur-
ther clinical applications [143].

NPs

NPs are colloidal drug carriers with ideal sizes ranging
from 10 to 100 nm [21]. They are mainly divided into
polymer and lipid NPs [144]. NPs used in ocular prepa-
rations are composed of lipids, proteins, and natural or
synthetic polymers such as albumin, sodium alginate,
chitosan, polylactide-coglycolide (PLGA), polylactic acid
(PLA), and PCL [145]. Besides, the surface charge of NPs
highly affects their effective ocular absorption. Since cor-
neal and conjunctival tissues have negatively charged sur-
faces, cationic NPs have a higher retention time on the
ocular surface than anionic NPs [146].

To date, NPs have been used widely to deliver drugs to
the targeted tissue in the eye, with the advantages of: (1)
smaller and less irritating; (2) providing sustained drug
release to avoid repeated dosing; (3) preventing non-spe-
cific uptake or premature degradation; (4) providing bet-
ter absorption and improving intracellular penetration;
and (5) targeted delivery to desired tissues [42, 147-149].

As a synthetic polymer, PLGA has been widely used to
prepare NPs for ocular drug release due to its biodegra-
dability, excellent biocompatibility, and capacity to mod-
ulate drug release by altering molecular weight, terminal
groups, and the lactide-to-glycoside ratio [150, 151]. The
US Food and Drug Administration (FDA) has approved
various drug delivery products with PLGA.
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In one study, chitosan-coated polylactide-glycolic acid
NPs (CS-PLGA NPs) were developed to deliver Bev (an
anti-VEGF drug used widely for treating DR) to the pos-
terior chamber of the eye. The confocal laser scanning
microscopy and pharmacokinetics showed that CS-
PLGA NPs had better permeability than the traditional
drug solution, with higher concentrations of Bev (above
22 ng/mL for 6 weeks) in the posterior ocular tissues. In
the retinopathy model, subconjunctival injection of CS-
PLGA NPs significantly reduced the level of VEGF in the
retina for 12 weeks compared with local and intravitreal
injections. Thus, CS-PLGA NPs can potentially be used
to target the retina for drug delivery [152].

Kim et al. delivered NPs loaded with the drug latano-
prost into the eye by iontophoretic method to treat
glaucoma. These NPs were made of PLGA and had the
advantages of releasing the latanoprost sustainably and
prolonging the drug residence time. The 300 nm NPs
showed the most durable drug effect in vivo. It lasted
more than 7 days and increased its efficacy by approxi-
mately 23-fold compared to Xalatan® (a commercially
available latanoprost eye drop), which offers a new strat-
egy for prolonging the efficacy of drugs and reducing
the frequency of drug administration in the treatment of
glaucoma [153].

Likewise, Nguyen et al. developed hollow polylactic
acid NPs and innovatively investigated the role of shell
thickness in developing long-acting drug carriers to
treat glaucoma effectively. Among the four NPs with an
adjustable shell thickness of 10 to 100 nm (~ 10, 40, 70,
and 100 nm), a medium-thickness shell (~40 nm) mani-
fested the most effective release curve of pilocarpine and
sustained relief of high IOP for more than 56 days in the
rabbit glaucoma model, which may protect the structural
integrity of the corneal endothelium, as well as attenuate
retinal and optic nerve degeneration (Fig. 6). Thus, this
finding implies the potential of the shell thickness effect
in developing long-acting drug delivery systems that can
be used to treat some chronic eye disorders [154].

In contrast to polymeric NPs, lipidic formulations
are known to be less stable for sustained drug release.
Recently, adding polymers to lipidic NPs formulations
has gained wide interest in increasing the stability of
nanocarriers [16]. Schnichels et al. investigated lipid
DNA NPs functionalized for the loading of brimonidine
through specific aptamers and via hydrophobic interac-
tions with double-stranded micelles. Both NP types sig-
nificantly reduced IOP in living animals. Overall, IOP
reduction was observed in 74% (SEM:+3%) and 54%
(SEM:+1%) of the number of animals treated with two
types of DNA NPs once daily for 5 weeks, compared to
the animals treated with the original brimonidine(36%,
SEM: +3%). Importantly, NPs loaded with brimonidine
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showed no toxicity and improved efficacy. In conclusion,
these drug delivery systems offer great opportunities to
treat glaucoma [155].

To improve the biocompatibility of the NPs, it is worth
noting that the combination of biomimetic technology
and NPs has brought new ideas for non-invasive drug
delivery to the eye. Chen et al. reported adhesive and
therapeutic biomimetic nanocoatings on ocular surfaces
using sebocyte membranes with integrin-f1 overex-
pressed to coat NPs. The NPs specifically bind to the Arg-
Gly-Asp sequence of fibronectin in the ocular epithelium,
which is critical in supplementing the lipid layer, stabiliz-
ing the tear film and prolonging the retention time for
24 h. In mouse and rabbit DED models, dexamethasone-
loaded nanocoatings effectively reduced corneal opac-
ity and inflammatory cytokine levels, improved corneal
epithelial recovery and restored tear secretion. This study
provides new insights to protect the ocular surface and
prolong the retention time of the drug [156].

Similarly, Li et al. developed an alternative anti-angio-
genic agent based on hybrid cell-membrane-coated NPs
for the non-invasive treatment of choroidal neovascu-
larization (Fig. 7). The fusion of erythrocyte membrane
protected the mixed membrane-coated NPs from phago-
cytosis by macrophages. The retinal endothelial cell
membrane coating provides isotype targeting and bind-
ing ability to VEGF. In laser-induced CNV mouse mod-
els, intravenous injection of the NPs effectively inhibited
ocular angiogenesis. The inhibition rates of migration
and invasion were~77.5% and~78.5%, respectively. At
the same time, excellent treatment results were achieved
in reducing the leakage and area of CNV, analyzed by
fluorescein angiography and indocyanine green angiog-
raphy. In conclusion, biomimetic anti-angiogenic nano
agents open a new window for the non-invasive treat-
ment of CNV [157].

Although NPs show promise for treatment of ophthal-
mic diseases, there are still significant constraints that
prevent them from being widely used in clinical practice.
These limitations include inadequate drug loading, pre-
mature drug release during storage, difficulty in achiev-
ing homogeneous particle dispersion, and toxic effects
related to the concentration of the surfactants [22]. More
studies should be conducted to promote the clinical
translation of NPs.

Nanosuspensions

The nanosuspension consists only of submicron colloidal
dispersions of drug nanocrystals. Surrounded by stabiliz-
ers, it is one of the most promising approaches for deliv-
ering poorly soluble active ingredients [158, 159]. Unlike
conventional matrix-framed nano-systems, nanosuspen-
sion does not require a carrier material. It contains 100%
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pure drug NPs in the nanometer range and is usually sta-
bilized by surfactants or polymers [160]. They have the
advantages of increased residence time, sustained drug
release, and enhanced drug solubility [161].

To improve the bioavailability of moxifloxacin hydro-
chloride, Josyula et al. used an ion-pairing method to fab-
ricate an insoluble moxifloxacin—pamoate (MOX-PAM)
complex, which was further formulated as a mucus-
penetrating nanosuspension eye drops (MOX-PAM NS).

Compared with Vigamox® (commercial formulation) in
healthy rats, MOX-PAM NS significantly increased ocu-
lar drug absorption with about 1.6-fold greater C_,, and
had better antibacterial effects. Treatment with MOX-
PAM NS administered once daily was similar to that with
Vigamox® administered three times daily in a rat model
of ocular Staphylococcus aureus infection. These results
demonstrated nanosuspension’s high translational and
clinical relevance [162]. Moreover, nanosuspensions have
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been used as a platform for ocular delivery of immuno-
suppressive agents [163, 164].

Furthermore, nanosuspensions can also be combined
with other nanotechnology. Triamcinolone acetonide
(TA) is a synthetic corticosteroid widely used to treat
several inflammatory conditions. One study developed
a hybrid nanosuspension and dissolving MNs system
for effective and minimally invasive transscleral delivery
of the hydrophobic drug TA. After optimization, TA NS
was incorporated into the MN array by high-speed cen-
trifugation to form a bilayer structure. TA NS-loaded
MNs were strong enough to penetrate the excised por-
cine sclera, with an insertion depth greater than 80% of
the needle height, and dissolved rapidly (<3 min). Nota-
bly, the transscleral deposition study showed that the
amount of TA deposited in the sclera after 5 min applica-
tion of NS-loaded MN was 56.46+7.76 pg/mm?, which
was 4.5-fold higher than that of common drug-loaded
MN (12.56 +2.59 pg/mm.?) [165].

Despite these encouraging nanosuspension results, the
stability issues related to nanosuspensions remain unre-
solved. The stability properties of electrostatic and steric
stabilizers, the maximum achievable particle size and
physical stability are key factors that need further study
[166].

Nanoemulsions
Nanoemulsion is a transparent or translucent, thermo-
dynamically unstable but kinetically stable system with
sizes ranging from 20 to 500 nm [167, 168]. According
to the classification of the dispersed phase system, NEs
are mainly divided into (1) water-in-oil (w/0) NEs: con-
tinuous phase-containing dispersion of water droplets,
(2) oil-in-water (o/w) NEs: continuous phase-containing
dispersion of oil droplets, and (3) bi-continuous NEs: oil
microdomains and water intermingled in the system, and
various NEs modifications [169].

Based on nanotechnology, NEs are widely used as non-
invasive, cost-effective drug delivery vehicles and can
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be easily scaled up for commercial production. Besides,
compared with traditional drug delivery methods, NEs
have the advantages of prolonged anterior corneal reten-
tion time, sustained drug release, high penetration abil-
ity, enhanced ocular bioavailability, and easy sterilization
improvement [170-173]. At the same time, it can also be
used to treat different eye diseases, such as DED [174],
fungal keratitis [175], herpes simplex keratitis infection
[176], glaucoma [177], etc.

Dukovski et al. developed a functional cationic oph-
thalmic NE with 0.05% (w/w) chitosan and nonsteroi-
dal anti-inflammatory drugs loaded, using chitosan as
the cationic and lecithin as the anionic surfactant. In an
ex vivo porcine cornea model, NPs extended the drug
retention time on the ocular surface, stabilized the tear
film and acted on inflammatory components, providing a
possibility for the therapy of DED [174].

Bacterial keratitis is a serious eye infection which can
result in severe visual disability. Youssef et al. prepared a
ciprofloxacin-loaded nanoemulsion (CIP-NE) using oleic
acid and Labrafac® lipophilic WL 1349 as the oil phase
and Tween®80 and Poloxamer 188 as surfactants. Opti-
mized nanoemulsion was spherical in shape and showed
a globule size, zeta potential, and polydispersity index of
121.6 £1.5 nm, —35.1+£2.1 mV, and 0.13+0.01, respec-
tively, with 100.1 +2.0% drug content. The in vitro release
and ex vivo trans-corneal permeation studies showed
sustained release and 2.1-fold enhanced penetration
compared with commercial ciprofloxacin, suggesting that
the CIP-NE formulation might be used as a promising
nanocarrier to enhance the therapeutic efficacy of bacte-
rial keratitis [178].

Travoprost is a synthetic prostaglandin F2a analogue
used in the therapy of glaucoma. Given its water insol-
ubility and oiliness, new delivery systems must be pro-
posed to improve its bioavailability and maintain its
release. Ismail et al. used the travoprost nanoemulsion
as a novel carrier, exhibiting suitable nanodroplet size,
zeta potential, refractive index, pH, controlled release,
and adequate stability under accelerated conditions.
Compared with Travatan® eye drops, travoprost nanoe-
mulsion has a short-term safety profile, improved bio-
availability, and sustained IOP reduction for 60 h.
Therefore, travoprost nanoemulsion is a good ocular
delivery vehicle for the therapy of glaucoma [179].

Although NEs can be used in ocular preparations, NEs
still have some drawbacks, such as eye irritation and
low viscosity. In addition, NEs are thermodynamically
unstable and may decompose over time through various
physicochemical mechanisms, such as gravitational sepa-
ration, flocculation, Oswald maturation, and coalescence
[22]. Future studies should focus on physicochemical
analysis, toxicity analysis in vivo and in vitro tests, and
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optimization of some formulation development param-
eters, further promoting the transformation of NE-based
drug delivery to clinical application.

Microemulsions

Microemulsions have colloidal dispersions composed
of specific proportions with different phases, including
aqueous phase, oil phase, cosurfactant, and surfactant.
Their droplet sizes range from 10 to 100 nm [180]. Based
on the types and amount of surfactant in the formulation,
microemulsions can be divided into three categories:
o/w, w/, and bi-continuous structures [181]. Typically,
o/w microemulsion has a higher water comparison, while
w/o microemulsion has a higher oil comparison. Micro-
emulsions have been extensively explored as a drug deliv-
ery vehicle for ocular preparations to overcome various
obstacles and reduce the frequency of daily eye drops
[182].

Microemulsions are the most potential submicron drug
carriers, especially for poorly water-soluble drugs. At the
same time, microemulsions are thermodynamically sta-
ble, inexpensive and relatively simple to produce [183].
Various researches have demonstrated the efficiency of
microemulsions in delivering multiple drugs to different
issues of the eye.

For instance, Mahran et al. used oleic acid, Cremo-
phor EL, and propylene glycol to prepare microemul-
sion preparations loaded with TA for treating uveitis.
Different pseudo-ternary phase diagrams were also con-
structed using the water titration method, and the for-
mulation composed of oil, surfactant-co-surfactant (1:1),
and water (15:35:50%w/w, respectively) turned out to be
most effective (complete drug release within 24 h). In a
uveitis-induced rabbit model, the developed TA-loaded
microemulsion observably reduced inflammation signs,
protein content, and inflammatory cells compared to
commercially available suspensions [184].

Besides, Santonocito et al. used a novel microemul-
sion system (NaMESys) to deliver sorafenib to the ret-
ina. It has shown that NaMESys carrying 0.3% sorafenib
(NaMESys-SOR) has good cytocompatibility and toler-
ability. It can also reduce pro-inflammatory and proan-
giogenic mediators in a robust model of proliferative
retinopathy. Furthermore, NaMESys-SOR significantly
inhibited the mRNA expression of tumor necrosis factor-
alpha (20.7%) and inducible nitric oxide synthase (87.3%)
in retinal ischemia-reperfusion rats compared with the
control group. In addition, NaMESys-SOR also observ-
ably inhibited 54% of the neovascularization lesions in
mice with laser-induced CNV. The findings show that
NaMESys eye drops may effectively deliver various drugs
to the retina [185].
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Interestingly, some researchers have found that the
methylglyoxal (MGO) concentration in Manuka honey
is quite high and can effectively manage bacterial over-
load. Based on these, D. Rupenthal et al. prepared liquid
crystal microemulsions containing alpha-cyclodextrin-
complexed Manuka honey and evaluated their antimicro-
bial function at relatively low MGO concentrations. The
results showed that 100 mg/kg MGO formulation had
significantly higher antibacterial activity against Staphy-
lococcus aureus (especially at a density of 1x106 CFU/
mL) in vitro than each of its individual components.
Importantly, no corneal or conjunctival irritation was
observed at concentrations consistent with accidental
exposure to the ocular surface, which may provide new
ideas for treating blepharitis [186].

In conclusion, these findings are worth further investi-
gating the other therapeutic potential of the microemul-
sion, facilitating the continued exploration of novel drug
delivery technologies.

Nanofibers

Nanofibers are 1-100 nm diameter fibers [187]. Various
natural polymers (such as chitosan, fibronectin, gelatin,
collagen, silk, and ethyl cellulose) or synthetic polymers
(such as PLA, PLGA and PCL) or combinations thereof
can be used to produce nanofibers through the electro-
spinning process [188].

Nanofibers have the advantages of a high surface-
to-volume ratio, high porosity, adjustable mechanical
properties, strong drug-loading capacity, high encap-
sulation efficiency, and simultaneous delivery of multi-
ple therapeutic agents [189]. In addition, nanofibers can
help drugs cross physiological barriers and target tissues,
providing long-term controlled drug release while mini-
mizing drug distribution in other parts of the body [190].
These properties make it a unique candidate for drug
delivery applications, diagnosis and treatment of various
diseases, especially chronic eye diseases that need fre-
quent administration [191, 192].

MEL exerts neuroprotective effects on retinal damage
and neuronal damage associated with several chronic
and degenerative eye diseases, such as AMD, DR, and
glaucoma [193, 194]. Unfortunately, the short half-life
and low bioavailability of MEL plasma (3—15%) limit the
therapeutic effect [195, 196]. Romeo et al. used electro-
spinning to prepare polyvinyl alcohol (PVA) and PLA
nanofibers. Both nano-systems were loaded with vari-
ous concentrations of MEL (0.1, 0.3 and 0.5% w/w). PVA
nanofibers release MEL quickly (within 20 min) and
completely, whereas PLA nanofibers provide a slow and
controlled release of MEL. Interestingly, the addition
of Tween®80 provides faster dissolution and approxi-
mately a 20-fold increase in expansion properties. Based
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on the obtained results, the formulated MEL-supported
nanofibers may be a promising carrier with improved
biopharmaceutical properties for the ocular delivery of
MEL [197].

Furthermore, nanofibers can be loaded with multiple
drugs. Rohde et al. developed electrospun polymer fib-
ers with gentamicin and dexamethasone, which are used
to treat bacterial conjunctivitis. Upon contact with the
ocular surface, the nanofibers are immediately dissolved
in the tear fluid, quantitatively releasing the two active
substances. The recovery rate was over 92% by fluores-
cence and quantitative chromatographic methods. In the
pig microfluidic corneal model, the eye retention time
was significantly longer than that of traditional eye drops.
After 20 min of eye drops, the availability of drugs on the
ocular surface increased by 342%. Notably, the polymer
has good biocompatibility and sufficient storage stability
for antibacterial activity within 12 weeks [198].

Similarly, Tawfik and his partners developed coaxial
PLGA and polyvinylpyrrolidone nanofibers loaded with
the antibiotic moxifloxacin hydrochloric acid and the
anti-scarring agent pirfenidone for the treatment of cor-
neal abrasion. Pirfenidone was fully released from the
outer layer of PLGA after 24 h, and about 70% of moxi-
floxacin hydrochloride was released from the inner layer
of polyvinylpyrrolidone within the same time. In addi-
tion, a single dose of fiber was as effective in inhibiting
infection as four doses of moxifloxacin hydrochloride,
supporting the potential of dual drug-loaded nanofiber
systems as once-daily eye implants for treating corneal
abrasion [199].

Because of the nanofiber extracellular matrix-like
structure, its production method is less costly and sim-
pler than many nanostructured drug delivery systems
[200-202]. In addition, nanofibers can be combined
with other technologies. One study combined nanofib-
ers with hydrogels for intravitreal anti-VEGF drug deliv-
ery. This modulated, injectable, biodegradable hydrogel
nanofiber system can change the peptide concentration
to adjust the dose, providing a broad application pros-
pect for treating wet age-related macular degeneration
[203]. Likewise, a double network patch was designed by
compounding electrospinning nanofibers of thioketal-
containing polyurethane (PUTK) with a reactive oxygen
species (ROS)-scavenging hydrogel (RH) fabricated by
cross-linking poly with thioketal diamine and 3,3’-dith-
iobis. The PUTK/RH patch has good transparency,
high tensile strength, hydrophilicity and strong antioxi-
dant activity. In a rat corneal alkali burn model (Fig. 8),
the corneal fluorescein staining showed that the mean
fluorescence intensity in PUTK/RH group decreased
to 39.0+6.7 AU, compared to the alkaline burn group
(53.4+10.5 AU) on day 3. Furthermore, PUTK/RH
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Fig. 8 A-CThe fluorescein-staining photographs of rat corneas transplanted with HAM and PUTK/RH patch after alkali burn. D Mean fluorescence
intensity. The corneal epithelial defects (green region) are marked by white arrows point to. n=5,*P< 0.05

patch can accelerate corneal wound healing by inhibit-
ing inflammation, promoting epithelial regeneration and
reducing scar formation, which may be a new therapeutic
strategy for the alkali burned cornea [204].

Besides, a visual device was developed using commer-
cial contact lenses as substrate, metal-coated nanofiber
mesh as conductor, and in-situ electrochemical deposi-
tion of poly (3, 4-ethylenedioxythiophene)/poly (styrene
sulfonate) as adhesive material. This hydrogel contact
lens has high permeability, excellent wettability, opti-
cal transparency and mechanical compliance. A study
involving rabbit eyes demonstrated the safety of wear-
ing this contact lens continuously for 12 h; no notable
corneal wear or irritation was observed. This finding

highlights the lens’s high level of safety and its potential
to serve as a versatile platform for eye health monitoring
and drug administration [205].

Dendrimers

Dendrimers are nano-sized (usually 2-100 nm), sym-
metric, hyperbranched and typically tree-shaped or star-
shaped structures with repeating molecules surrounding
a central core [206, 207]. They have high capacities for
drug encapsulation and conjugation and the functionali-
zation of surface groups [23, 208]. Besides, dendrimers
are highly versatile in function and can be designed into
multifunctional biological macromolecules by modify-
ing the surface for various applications, which have been
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widely used in hydrophilic and lipophilic drugs delivery,
nucleic acid delivery (gene, miRNA/siRNA), macromo-
lecular delivery, and other biomedical applications [37,
209].

Astodrimer sodium (SPL7013) is a polyanionic den-
drimer with antiviral activity. Romanowski et al. evalu-
ated ocular tolerance and anti-adenovirus potency of
topical SPL7013 in the rabbit eye model with adenovirus
(HAdV5) ocular infections. In a tolerance study, rabbits
were treated with 3% SPL7013, control, or 0.5% cidofovir
an the Draize scale was used to evaluate the scores on 0,
1,3,4,5,7,9,11 and 14 days. Compared with the control,
3% SPL7013 and 0.5% cidofovir significantly shortened
the duration of HAdV5 shedding. Moreover, 3% SPL7013
induced a Draize score of "minimal" to "almost no irrita-
tion". These findings suggest that 3% SPL7013 is suitable
for treating adenoviral eye infections [210].

In a clinically relevant rat model of AMD, Kambham-
pati et al. discovered that systemic hydroxy-terminated
poly-amidoamine dendrimer-triamcinolone acetonide
conjugates.

(D-TA) were selectively taken up by activated micro-
glia/macrophages and retinal pigmented epithelium,
which are essential in disease progression. D-TA sig-
nificantly  inhibited choroidal neovascularization
(>80%, >50-fold better than free drug). Meanwhile, in
ex vivo studies of human postmortem diabetic eyes, den-
drimers were also ingested into choroidal macrophages.
These findings show systemic hydroxyl dendrimer drugs
can be used alone or combined with current anti-vascu-
lar endothelial growth factors to provide a new approach
to treating AMD [211].

Recently, Wang and co-workers developed dendrimer
gel particles (DHPs), which combine the advantages of
dendrimers, hydrogels, and NPs. The delivery efficiency
and efficacy of two anti-glaucoma drugs, brimonidine
tartrate and timolol maleate, were tested by loading them
into dendrimer gel particles of different sizes. The results
showed that nano-in-nano DHP (nDHP, ~200 nm) was
superior to pDHP3 (3 um) and uDHP10 (9 pm) in terms
of cytocompatibility, degradability, drug release kinet-
ics, and corneal permeability. Compared with conven-
tional drug solutions, nDHP increased drug corneal
permeability by 17-fold. In addition, in vivo experiments
showed that nDHP showed a significant IOP lowering
effect after once daily administration for 7 days. The BT/
nDHP reduced IOP by 4.5 mmHg in 4 h, which was 2.6
times more effective than BT/PBS eye drops on average.
Besides, the IOP reduction in the BT/nDHP group was
fourfold higher than that in the BT/PBS group at day 7
(Fig. 9). These findings indicate that nDHPs can be used
for precision drug delivery and open a new window for
combining multiple nanotechnologies [212].
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In conclusion, dendrimers provide practical solutions
to the solubility, distribution, and targeting problems
faced by ocular drug delivery, making them effective car-
riers for ophthalmic applications. However, the clinical
translation of this system is hampered by multiple formu-
lation procedures, difficulties in large-scale production,
cytotoxicity, and low drug loading [22]. A lot of research
is still needed in the future.

Liposomes
Liposomes are lipid vesicles consisting of one or more
phospholipid bilayers with a central water compart-
ment diameter of 0.025 to 10 um [213]. Hydrophilic or
lipophilic drugs can be encapsulated in them, which
are widely used in the therapy of retinal diseases. For
instance, verteporfin liposome is the first FDA-approved
drug for treating AMD [214]. In addition, liposomes can
adhere to the cornea, which are excellent carriers for
drugs with low partition coefficient, low solubility, high
molecular weight and poor absorption [215, 216]. The
positive charge on the liposomes allows them to bind to
the negatively charged mucin coating on the corneal epi-
thelium. For example, the positively charged liposomes
increased the trans-corneal flow of penicillin G fourfold,
indicating enhanced corneal permeability [217].

Besides, Tavakoli et al. evaluated how the proper-
ties of these liposomes (particle size, surface charge,
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surface coating) affect their retinal penetration In an
in vitro bovine explant system. The data indicate that
small liposomes (~50 nm) can penetrate the retina,
whereas large liposomes (=100 nm) cannot, underlin-
ing the importance of particle size. In addition, PEGyla-
tion and anionic surface charge favor the distribution of
retinal liposomes. In conclusion, this study expands the
understanding of the ocular barrier and provides valuable
information for designing enhanced retinal drug delivery
systems [215].

One study reported a cationic liposome eye drop
loaded with tacrolimus (FK506) for treating dry eyes.
Tacrolimus liposomes have a diameter of approxi-
mately 300 nm and a surface charge of+30 mV. Cationic
liposomes can interact with the anionic eye surface, pro-
longing the eye retention time and enhancing tacrolimus
in the cornea.FK506 liposomes have also been shown
to reduce ROS and DED-related inflammatory factors,
which have excellent potential for treating ocular dis-
eases [218].

Although liposomes have numerous advantages, lim-
ited drug loading capacity, short shelf life, and steriliza-
tion issues restrict their use [219].

Niosomes

Niosomes are self-assembled vesicles formed by hydrat-
ing non-ionic surfactants, cholesterol, or other amphi-
philic molecules [220]. They are structurally similar
to liposomes and have been developed as an alterna-
tive delivery system to liposomes. The advantages of
niosomes over liposomes include chemical stability,
longer storage time, and continuous drug administra-
tion [37, 221]. Moreover, niosomes are biodegradable
and non-immunogenic [222]. As a multifunctional drug
delivery system, lipophilic and hydrophilic drugs can be
encapsulated into membrane bodies with improved drug
stability and bioavailability [223, 224].

Epalrestat is a drug that inhibits the polyol pathway
and protects the diabetic eye from damage associated
with sorbitol production and accumulation. Kattar et al.
designed cationic ionophores composed of polysorb-
ate60, cholesterol, and 1, 2-di-O-octadecyl-3-trimethyl-
ammonium propane to deliver the drug. Compared with
contact lenses containing epalrestat or free drug solu-
tion, niosomes could encapsulate more drug (encapsula-
tion efficiency 99.76%), increase the apparent solubility,
protect the drug from premature degradation, and pro-
mote drug delivery to the intraocular tissues (75% drug
release within 20 days). In addition, drugs encapsulated
in niosomes show better biocompatibility. Hence, the
niosomes are expected to encapsulate and carry thera-
peutic drugs through the eye to meet the requirements of
a controlled drug system for treating diabetic eyes [225].
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To better treat glaucoma, Allam et al. mixed betaxolol-
loaded niosomes into pH-responsive in situ gels to fur-
ther prolong precorneal drug retention. The optimized
niosomes had a high encapsulation efficiency (69 +4.8%),
a negative surface charge, and a nanoscale hydrodynamic
diameter. After the instillation of the niosomal gel loaded
with betaxolol into rabbit eyes, IOP was consistently
reduced, and the relative bioavailability of betaxolol was
significantly increased (280 and 254.7%) compared with
commercially available eye drops. Therefore, using nioso-
mal pH-triggered in situ gel for ophthalmic drug delivery
is a promising glaucoma treatment technique [226].

Similarly, Fathalla et al. incorporated latanoprost
niosomes into gels to prolong the anti-glaucoma effect of
latanoprost. Non-specific interactions of latanoprost with
the surfactant resulted in more than 88% drug encapsu-
lation efficiency. This gel reduced IOP in normotensive
rabbits for 3 days, with prolonged release and no irritat-
ing effect on rabbit eyes compared with normal Xalatan®
eye drops. The study’s results confirmed the potential of
latanoprost niosomal gel to prolong drug release, reduce
the frequency of administration, and possibly improve
patient compliance [227].

Despite the many advantages of niosomes, low drug
loading, encapsulated drug leakage, physical instabil-
ity, and high production cost limit the application of
niosomes in drug delivery [22]. These are complex chal-
lenges that need to be addressed in the future.

Nanowafers

The nanowafers are small transparent disks that can be
applied to the eye’s surface with a fingertip and withstand
continuous blinks without displacement. The slow drug
release from the nanowafers prolongs the retention time
of the drug on the ocular surface and facilitates drug
absorption [228]. Coursey and co-workers have devel-
oped a dexamethasone-loaded nanowafer (Dex-NW) for
the therapy of DED. In the experimental mouse dry eye
model, administering only two doses of Dex-NW over a
5-day treatment period was comparable to the efficacy of
topical Dex eye drops administered twice daily during the
same treatment period. Dex-NW showed better thera-
peutic effects than topical Dex eye drops, confirming the
efficacy and translational potential of the nanochip drug
delivery system for DED [228]. In addition, nanowafers
can also be used as protective membranes for corneal
surface damage in DED [229].

Furthermore, Yuan et al. demonstrated the in vivo effi-
cacy of axitinib-loaded nanowafers in treating corneal
neovascularization in a mouse eye burn model. Laser
scanning confocal imaging and reverse transcription-
polymerase chain reaction studies have shown that
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once-daily administration of axitinib-loaded nanowater
was twice as effective as topical eye drops twice a day
[230].

Recently, a study reported PVA nanowafers loaded with
PnPP-19, a synthetic peptide designed from a toxin exist-
ing in the spider’s venom and having a hypotensive effect
on the eyes of rats. Compared to common eye drops. the
device prolonged the delivery time of the peptide on the
ocular surface and maintained its fluorescence intensity
for more than 180 min. Besides, PVA nanowafers could
enhance PnPP-19 diffusion into the eye tissues, with con-
tinued fluorescent on the cornea after 24 h. These find-
ings prove the potential of nanowafers to treat glaucoma
[231].

To date, the polymers and drugs used to develop
the nanowafers are already in clinical use. Besides, the
nanowafers can be easily dropped onto the eye surface
through the fingertips of patients without any clinical
procedures. Therefore, it’s promising that the nanowafers
can be quickly translated into clinical trials for human
use.

Contact lenses

Contact lenses are hard or soft polymer devices that fit
the cornea to correct refractive errors. They can be com-
posed of hydrophilic or hydrophobic polymers [232].
Based on the designed materials, there are two main
types of contact lenses: soft contact lenses, which are
made of hydrogels or silicone hydrogel polymers, and
rigid gas-permeable contact lenses [233]. Drug-loaded
contact lenses can be in close contact with the cornea,
prolong drug retention time, and improve ocular bio-
availability by at least 50% [234, 235]. Therapeutic contact
lenses can decrease the required drug dose, frequency
of administration, and systemic drug absorption [236].
However, water content, oxygen permeability, transpar-
ency, and mechanical property pose challenges for drug
delivery, especially for patients who are strange to wear
contact lenses [237]. The combination of nanotechnology
and contact lenses has revolutionized drug delivery in the
eye.

Immersion of contact lenses in drug-containing NPs
(preferably<100 nm) is the most common, simplest,
and most cost-effective method of manufacture [238].
For example, contact lenses immersed in zinc oxide NPs
(20-40 nm) showed antibacterial activity against ocular
microorganisms such as Staphylococcus aureus, Bacillus
subtilis, Pseudomonas aeruginosa and Escherichia coli
[239]. In addition, NPs containing drugs can be coated on
the surface of the contact lens. Sahadan et al. developed
a silicone hydrogel contact lens coated with phomopsidi-
one NPs that allowed the sustained release of phomop-
sidione for 48 h and could be used to treat keratitis [240].
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Likewise, Jiao et al. used a novel polyacrylamide semi-
interpenetrating network hydrogel consisting of quater-
nary ammonium chitosan and tannic acid to construct
a novel antibacterial and antioxidant contact lens. The
antibacterial test showed that the contact lens had a good
bactericidal effect on Staphylococcus aureus and Escheri-
chia coli (almost 100%). Besides, tannic acid could allevi-
ate oxidative stress and protect cells from ROS-induced
cytotoxicity. Hence, this drug-free antibacterial and anti-
oxidant contact lens is a promising option for treating
ocular infectious and inflammatory diseases [241].

Ding et al. developed a contact lens device with embed-
ded microtubes to treat glaucoma. This device can
improve drug bioavailability, decrease the risk of adverse
effects and prolong drug release time for 45 days. More
importantly, as IOP fluctuates, the curvature of the
contact lens changes, which in turn triggers more drug
release, making it an adaptive drug-release device that
potentially provides dynamic and adaptive anti-glaucoma
treatment [242]. It is believed that in the future, the com-
bination of contact lenses and nanotechnology will have
more applications in the therapy of ophthalmic diseases.

Hydrogels

Hydrogels comprise a three-dimensional network of
hydrophilic polymer chains with high water retention
capacity. In situ, gels are administered as a liquid and
transformed into a gel upon eye contact [243]. Heat-
responsive, pH-responsive, and ion-responsive materials
are the three primary stimulation-responsive materials
most widely employed to develop gel systems for ocular
medication administration. Recent hydrogel advances
offer great opportunities for ophthalmic drug deliv-
ery to treat ocular diseases [244, 245]. Since hydrogels
can improve the therapeutic effect of ophthalmic drugs
through the following mechanisms, including (1) pro-
longing the retention time of drugs at the site of drug
delivery, (2) sustained drug release at the target site, and
(3) the co-delivery of multiple drugs to their function [97,
116, 246, 247].

The combination of nanotechnology and hydrogels has
significantly progressed the treatment of ocular diseases
[18]. Various nanoformulations such as NPs, nanomi-
celles, MNs, and nanofibers have been combined to pre-
pare composite systems to further prolong the retention
time of drugs on the ocular surface and improve their
bioavailability [248]. Some representative hydrogels used
in ocular drug delivery will be detailed in the following
sections and emphasized with a few appealing examples.

Fang et al. developed a polypseudorotaxane hydrogel
for treating anterior uveitis by mixing Soluplus micelles
(99.4 nm) with cyclodextrins solutions. The optimized
hydrogel exhibited shear thinning and sustained release
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properties. In the endotoxin-induced rabbit uveitis
model, the hydrogel significantly improved the drug
retention ability (21.2 folds), corneal permeability (1.84
folds), intraocular bioavailability (17.8 folds), and anti-
inflammatory effect compared with drug solutions. In
addition, cytotoxicity and eye irritation studies also
confirmed the good biocompatibility of the hydrogel. In
conclusion, this study demonstrated that y- cyclodex-
trins-based hydrogels have great potential for treating
anterior uveitis [249].

Patients with wet AMD require an intravitreal injec-
tion of Bev or other drugs. Jung et al. developed an in situ
formed hydrogel consisting of Bev and hyaluronic acid
cross-linked to poly (ethylene glycol) diacrylate, which
was slowly released after Bev injection into the supra-
choroidal space of the eye using MNs. The in-situ formed
Bev-hyaluronic acid hydrogel was well tolerated and
released Bev for over 6 months in the rabbit eye, which
could be used in treating posterior ocular diseases in the
future [250].

Recently, Gao et al. developed an injectable antibody-
loaded supramolecular nanofiber hydrogel by mixing
betamethasone phosphate, the gold-standard anti-VEGF
agent for AMD, with CaCl2. This betamethasone phos-
phate-based hydrogel can release anti-VEGF to inhibit
retinal vascular proliferation, attenuate CNV for a long
time, and remove ROS to reduce local inflammation
(Fig. 10). Notably, the duration of anti-VEGF can be effec-
tive for approximately threefold longer than conventional
administration, can reduce the frequency of administra-
tion and improve patient compliance [251].

In short, combining hydrogels and nanotechnology
expands the range of biomedical applications and opens
new windows for ocular drug delivery.

Microneedles
Microneedle technology is an attractive, minimally inva-
sive strategy with the advantages of easy drug administra-
tion, controlled drug release, and low manufacturing cost
[252]. It has been widely studied for transdermal delivery
of various therapeutic drugs (e.g., anti-diabetes, anti-obe-
sity drugs, and vaccines) [253]. Various MNs have been
exploited and tested, such as solid MNs, hollow MNs,
and dissolved MNs [254, 255]. Due to its excellent patient
tolerance and efficacy have prompted researchers and
pharmacists to explore its use in treating ocular diseases.
Fungal keratitis (FK), an infectious corneal disease,
is a serious cause of visual impairment worldwide. Shi
et al. manufactured a dissolved microneedle array patch
based on PLA and hyaluronic acid to treat FK. Among
them, a 30% PLA-hyaluronic acid MN patch reversibly
penetrated the corneal epithelial layer, and the cornea
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recovered completely within 12 h. More importantly, it
demonstrated that the therapeutic effect of self-implan-
tation of drug-loaded MN patches as a controlled release
reservoir for local drug delivery is much better than that
of eye drops in the rabbit model of FK. Hence, the MN
patch serves as an ocular drug delivery system with effi-
cient and rapid corneal healing ability, which may also
open a new avenue for the clinical treatment of FK [256].

Besides, Cui et al. developed cryo-MNs for the ocular
delivery of living bacteria. In cell experiments, the device
delivered predatory Bdellovibrio bacteriovorus, which
could successfully inhibit the proliferation of gram-
negative bacteria. In a mouse ocular infection model,
infection was reduced by nearly six-fold after 2.5 days of
treatment, and corneal thickness and morphology were
unaffected; this brings new insights for the safe and effec-
tive delivery of novel antimicrobial agents to the imper-
meable ocular surface [257].

Lee et al. developed a self-plugging MN (SPM) to per-
form intraocular drug delivery and seal the scleral tis-
sues at the same time. SPMs were fabricated by a thermal
stretching process and then coated with a drug-loaded
polymer carrier and a biocompatible hydrogel. Each coat-
ing functional layer was characterized and explained
in vitro and ex vivo experiments. The 10 mm-long SPM
released over 95% of the coated drug (27.9 pg) gradually
within 24 h. Furthermore, the ability of SPM to achieve
rapid closure and sustained intraocular delivery was con-
firmed using a porcine model [258].

However, MN products’ performance and quality eval-
uation involves several vital technical parameters, such as
bending property, loading capacity, and safety in use. At
the same time, MNs can cause tissue damage and have
high technical requirements for clinicians, so there is still
a long distance to realize the clinical transformation of
MN:Es.

Other promising ocular drug delivery methods
Gene therapy

Gene therapy is a hot topic in the research of modern
ophthalmic diseases. There are two strategies for gene
therapy: (1) restoring the function of nonfunctional or
missing proteins (gene addition or gene editing) and (2)
knocking down proteins to block their function (gene
silencing) [259].

The eye has important features well suited for gene
therapy: well-defined anatomy, relative immunological
privilege, accessibility, simplicity of diagnosis, and one
eye can be used as an experimental target and the other
as a control in the same subject [259]. There are more
than 350 hereditary eye diseases, including choroiditis,
retinitis pigmentosa, Leber congenital amaurosis, etc.,
involving various genetic loci [260, 261]. In addition,



Li et al. Journal of Nanobiotechnology =~ (2023) 21:232 Page 21 of 39

Y
a r <y
« V -
; Ve
A‘:._') { 532 nm
 / Laser treatmem 3
2 N
CS7§L}6J Normal Eye Laser-induced CNV  CNV lesions get attenuated

High Zyer

]ﬂﬂﬂﬂﬂl =

&
® £ 2w
g gg ™
a § " . -
B e§" e
3

Relative CNV
L J
4
‘.

BetP-Gel

Anti-vegf@|[ Anti-ve

Y
o

Fig. 10 The long-term effect of the laser-induced mice CNV model using Anti-VEGF@BetP-Gel. a Experimental design to evaluate the impact

of Anti-VEGF@BetP-Gel. b Fluorescence IVIS imaging demonstrating the in vivo retention of IgG-Cy5.5 at various time periods after intravitreal
injection of free IgG-Cy5.5 or IgG-Cy5.5@BetP-Gel. ¢ H&E-stained transverse CNV sections after 4 weeks intravitreal injection. d The typical fluorescein
fundus angiography images of laser-induced mice CNV model taken at 1, 2, and 4 weeks following intravitreal injection. e The graded and measured
angiogenic vascular leakage values



Li et al. Journal of Nanobiotechnology (2023) 21:232

gene therapy approaches are also being exploited and
extended to diseases not unrelated to a single genetic
defect, such as corneal and retinal vascular disease or
AMD [262, 263]. Gene delivery systems primarily include
viral vectors, non-viral vectors, gene editing techniques
(mainly CRISPR-Cas9), and epigenetic treatments with
antisense oligonucleotide (ASO) and RNAi therapeutics
[264].

Viral vectors

Viral vectors are often therapeutic gene vectors due to
their high transduction efficiency. Several viral vectors,
such as adenovirus, adeno-associated virus (AAV), retro-
virus and lentivirus, have been widely used in ocular gene
therapy [265, 266].

Among them, AAVs are tiny (~26 nm diameter),
non-enveloped, icosahedral-structured capsid, single-
stranded DNA, non-pathogenic viruses and the most
common viral vectors used for ocular gene therapy
[267]. Both dividing and nondividing cells can be trans-
duced with AAV vectors. They are not integrated into the
host cell genome but live in the cells as free DNA [267].
Recombinant AAVs can deliver various genetic materi-
als to control protein expression within cells and allevi-
ate some ocular disorders. The FDA has approved two
human-using AAV-based gene therapies, and many are
in clinical trials [268]. A study employing AAV as a vec-
tor may alleviate the problems of repeated intravenous
injections to induce a systemic blockade of VEGE-A,
which is normally expressed in human retina [269]. Anti-
angiogenic microRNAs have also been used to lessen the
number of corneal neovascularization through recombi-
nant adeno-associated viruses multi-targeted biotherapy
[270].

However, viral vectors have some limitations, such as
potential mutagenesis, limited loading capacity (<5 kb
for AAV), poor immunoreactivity, and high produc-
tion costs, resulting in unaffordability for patients [271].
Therefore, several alternative strategies, such as non-viral
vector systems and NPs, are being developed.

Non-viral vectors

Compared with viral vectors, non-viral vectors are less
immunogenic and pathogenic [272]. Besides, non-viral
vectors are generally low-cost, easy to manufacture, and
the size of the involved genes is unrestricted. [273]. Many
non-viral vectors, such as NPs, dendrimers, liposomes,
polymers, naked DNA, and peptide-based vectors, have
been used for gene therapy in the eye [168, 264].

For example, Ma et al. fabricated redox-responsive
quasi-mesoporous magnetic nanospheres (rMMNs) with
an iron oxide core and disulfide bond-bridged polyeth-
yleneimine shell. These rMMNs are highly loaded with
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miR-30a-5p through electrostatic interactions and then
efficiently release miRNA under a glutathione-dominant
microenvironment. The rMMNs up-regulate the level of
miR-30a-5p by targeting the transcription factor E2F7
and inhibiting the malignant phenotype of ocular mela-
noma. In addition, rMMNs play a role in promoting
cancer cell apoptosis by regulating M1-like macrophage
polarization and activating the Fenton reaction. There-
fore, rIMMNSs are attractive miRNA vectors for gene
therapy and can enhance pro-inflammatory immunity in
melanoma and other cancers [274].

In a notable study by Ribeiro et al,, lipoplexes were
developed utilizing sodium alginate as an adjuvant and
strategically coated with hyaluronic acid (HA-LIP). This
innovative approach facilitated siRNA delivery to retinal
cells, inhibiting Casp3 expression and attenuating retinal
degeneration caused by excessive LED light exposure.
The safety of HA-LIP was confirmed through electrore-
tinogram measurements, clinical assessments, and histol-
ogy. These findings highlight the potential of HA-LIP as a
non-viral vector for siRNA delivery, opening up promis-
ing avenues for treating various retinal diseases [275].

Antisense oligonucleotide, RNAi, CRISPR-Cas9

ASOs are brief (12-24 nt) single-stranded nucleic acids
(DNA or RNA) that bind to specific complementary
mRNA targets by Watson—Crick base pairing to regulate
gene expression. [276]. In a phase 1b/2 clinical trial of
Leber congenital amaurosis type 10, intravitreal antisense
oligonucleotide sepofarsen had a manageable safety pro-
file and showed clinically relevant visual improvement
[277].

The RNAI pathway is expressed through sequence-spe-
cific double-stranded RNA genes. RNAi regulates mRNA
stability and cell translation using double-stranded small
interfering RNA (siRNA) or short hairpin RNA (shRNA)
complementary to their target RNA [276]. Among them,
siRNA is a nucleotide duplex of about 20 bp in length,
which can specifically couple and guide the degradation
of target genes in cells, modify the relevant signal path-
ways for therapeutic intervention [278]. Wang et al. used
polyethene glycol grafted branched polyethyleneimine as
a non-viral gene vector to interfere with platelet-derived
growth factor alpha receptor and block the epithelial-
mesenchymal transition process of cells by gene silencing
technology to achieve an anti-fibroblast effect (Fig. 11).
This study provides a feasible and promising clinical idea
for using RNAi technology to develop non-viral gene
vectors to prevent fibroblast eye disease [279].

The CRISPR-Cas9 system is an engineered endonucle-
ase directed by a short RNA comprising a complemen-
tary region with 20-nucleotides long that can recognize
target DNA sites through complementary base pairing
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and precisely create nicks or cuts in the genome [280].
The incision is then repaired using non-homologous end-
joining mechanisms (NHE]) or homology-directed repair
(HDR) [281]. Due to its simple structure, it has become
the most popular genome editing tool and has gained
utility in disease modelling, genetic screening, epige-
nome editing, cell tagging, and gene therapy applications
[282].

X-linked form of hereditary retinal degeneration
caused by mutations in the Retinitis Pigmentosa GTPase
Regulator (RPGR) gene is a challenge for gene therapy.
The majority are frameshift mutations in the OFR15

exon, a highly repetitive, purine-rich region of the RPGR.
The RPGR reading frame may be restored in partly
mutated photoreceptors using CRISPR/Cas9 targeted
ablation of ORF15, followed by repair via non-homol-
ogous end joining, which then corrects gene function
in vivo [283]. Besides, CRISPR-Cas9 with guide RNAs
increased VEGF gene ablation in human cells in vitro
with a slight increase in off-target activity and demon-
strated the possibility of CRISPR-Cas9 causing genetic
ablation in vivo, which might be affected by multiple fac-
tors in the body [284].
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Recently, the delivery of gene editing agents as ribo-
nucleoproteins in vivo has been shown to have a safety
advantage over nucleic acid delivery. Banskota et al.
developed engineered DNA-free virus-like particles
(eVLPs) that efficiently package and deliver the base
editor or Cas9 ribonucleoprotein. A single injection
of eVLPs into mice achieved therapeutic levels of base
editing in multiple tissues, such as reducing serum
Pcsk9 levels by 78% after 63% liver editing and partially
restoring visual function in a mouse model of genetic
blindness. The eVLPs combine the critical advantages
of viral and non-viral delivery and are promising vec-
tors for therapeutic macromolecular delivery [285].

In conclusion, advances in the field of gene therapy
and gene editing have brought hope for the treatment
of eye diseases. At the same time, with the development
of nanotechnology, the prospect of gene therapy for eye
diseases will be broader and clinical transformation will
be achieved faster.
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Exosomes

Exosomes are nanoscale vesicles with a 30-150 nm diam-
eter and consist of lipid bilayers, proteins, and genetic
material [286]. The diagram of exosomal molecular
composition is shown in Fig. 12 [287]. Almost all types
of cells in the human body secrete exosomes, which act
as a vital role in intercellular communication, inflam-
matory response and immune regulation [288]. Due to
their natural, non-toxic, and biodegradable properties,
exosome is an ideal candidate for drug delivery to treat
many diseases, such as cancer, cardiovascular diseases,
neurodegenerative diseases, and so on [289, 290]. As
natural carriers, exosomes have a higher barrier-crossing
ability and safety than synthetic nano-drug carriers and
are more capable of delivering various drugs or bioactive
molecules among eye diseases.

Pathological angiogenesis is a hallmark of numerous
vision-threatening diseases. Dong et al. used exosome
as a carrier for intraocular delivery of the anti-angio-
genic peptide KV11 into the retinal vasculature by
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retroorbital injection, which greatly enhanced the
inhibitory effect of KV11 on neovascularization.
Besides, this is a less invasive modality compared to
intravitreal injection. Therefore, EXOy,,;; may be an
effective nanotherapeutic agent for treating pathologi-
cal angiogenesis in retinopathy [291].

In addition, Tian et al. engineered exosomes derived
from regulatory Treg cells (rEXS) and used a peptide
linker to conjugate them with anti-VEGF antibodies
(aV). This nano-drug exploited the ability of rEXS to
localize to neovascular lesions. Meanwhile, the pep-
tide adaptor was cleaved by matrix metalloprotein-
ases in inflammatory lesions and released rEXS and aV
to inhibit inflammation and the activity of VEGF. In
mouse and nonhuman primate CNV models, aV bind-
ing to rEXS resulted in a five-fold longer intraocular
retention time than soluble proteins. Besides, a 3.5-
fold increase in aV accumulation was detected in CNV
lesions, and the controlled release of aV by matrix met-
alloproteinases-mediated cleavage also contributes to
the efficacy. These findings provide new ideas for more
effective treatment of CNV [292].

Also, Zhou et al. reported that exosomes derived from
mesenchymal stromal cells (MSC-exo) were adminis-
tered as eye drops. In a mouse model of DED, MSC-exos
reprogram pro-inflammatory M1 macrophages to an
immunosuppressive phenotype through Mir-204-medi-
ated IL-6/IL-6R/Stat3 pathway targeting, facilitating dry
eye therapy. MSC-exo maintains ocular surface homeo-
stasis and corneal transparency by regulating the balance
between M1 and M2 macrophages on the ocular surface
[293]. Furthermore, exosomes derived from the umbilical
cord mesenchymal stem are used in clinical trials to alle-
viate dry eye symptoms (NCT04213248).

Exosomes are a subtype of extracellular vesicle (EV).
To avoid alterations in tear balance, tear film stabil-
ity, pH and osmolality changes [294], researchers are
exploring new approaches, including fusing drug-carry-
ing liposomes with EVs to improve bioavailability [295].
Notably, EVs designed to be produced by implanted cells
have recently been reported [296]. This technique pro-
vides a unique route for the production of engineered
exosomes in vivo.

In summary, exosomes exhibit key characteristics that
make them highly attractive as therapeutic drug carriers,
particularly their ability to target multiple therapeutic
payloads, benign safety, and low immunogenicity poten-
tial. However, the optimal isolation method for specific
exosome applications, the heterogeneity of extracellular
vesicle preparations, and the availability of appropriate
methods and equipment still require extensive studies to
verify.
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Self-nano emulsifying drug delivery systems

SNEDDS are mixtures of oil phases, surfactants, and
cosurfactants or cosolvents [297]. After aqueous phase
dispersion and slight agitation, SNEDDS can sponta-
neously form oil-in-water NEs with droplet sizes below
200 nm [298]. Moreover, spontaneous emulsification
occurs when the entropy change favoring dispersion sur-
passes the energy needed to expand the surface area of
the dispersion [299, 300]

The surfactant and lipid components used in SNEDDS
can synergistically promote the absorption of drugs in
the gastrointestinal tract, which is one of the emerg-
ing strategies to improve the availability of oral admin-
istration. Furthermore, these components can be easily
modified to make SNEDDS suitable for hydrophilic and
hydrophobic drugs [301]. For example, Lopez-Cano et al.
prepared a self-emulsified osmo-protective ophthalmic
microemulsion (O/A) with an internal oily phase (1.2%),
an external aqueous phase (96.3%), cosolvents (1%), and
surfactants (1.5%). Scanning electron microscopy and
cryo-transmission electron microscopy demonstrated
that all formulations exhibited sphere-shaped morphol-
ogy with good cell tolerance (~100%) and could be stable
at 8 C for 9 months. These findings manifest that self-
emulsified microemulsions can be a novel drug delivery
system for treating ocular diseases [302].

Besides, to improve the bioavailability of amphotericin
B (AmpB), which is one of the most commonly used
drugs for treating severe fungal infections, Kontogian-
nidou et al. prepared an oral formulation by combining
AmpB-loaded SNEDDS with room temperature ionic
liquids of imidazolium. This hybrid system enhanced the
solubility of AmpB and exhibited good biocompatibility
[303].

Although SNEDDS show considerable advantages
over conventional drug delivery systems, there are still
some limitations that require further investigation:(1)
the content of vehicles in SNEDDS is usually very high,
and the safety should be considered, (2) the risk of drug
precipitation, (3) the capacity of improving drug loading
and targeting, (4) knowledge of in vivo pharmacokinetics
of SNEDDS is still a grey area, especially in human vol-
unteers [304]. It is believed that SNEDDS will be more
widely used in ophthalmology in the future.

Characterization of nanotechnology-based drug
delivery systems

Nanotechnology refers to treating structures at the
nanoscale level, which ranges in size from 1 to 100 nm
and is proportionally comparable to peptide drugs [17].
Their basic physicochemical properties, such as visual
appearance, size, zeta potential, refractive index, pH,
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retention, viscosity, osmolality, biodegradability, sur-
face charge, hydrophobicity and biodegradability are
closely related to their therapeutic efficacy in the ocular
pathological environment [23, 305]. Therefore, we char-
acterized nanocarriers’ physicochemical and biological
properties to provide new ideas for better design of effec-
tive novel delivery systems.

Visual appearance

Most NPs present a transparent, translucent, or translu-
cent to milky appearance, depending on the size of the
particle, the surfactant or cosurfactant, and the concen-
tration or type of oil. The transparency of nanocarriers
can be checked by measuring the transmittance (%7T) at
520 nm using a UV spectrophotometer [61, 306].

Particle size (PS) and polydispersity index (PDI)

PS and PDI are essential characteristics of nanocarriers
and the main determinants of physical stability. These
parameters are mainly estimated by dynamic light scat-
tering or photon correlation spectroscopy [61, 307]. Par-
ticles with a smaller size penetrate the inner mucin layer
of the tear film more quickly and have higher aqueous
humor absorption than larger particles [307, 308]. For
PDI, 0 represents a homogeneous system, and 1 repre-
sents a heterogeneous system [309]. PDI values less than
0.1 and close to 1 indicate good and poor quality of the
colloidal system, respectively [61]. Small PS and PDI are
generally preferred for ocular drug delivery because they
provide better stability, biodistribution properties and
high patient compliance [23].

Morphology

Microscopic techniques were used to study the morphol-
ogy of nanocarriers. Electron microscopy approaches,
including transmission electron microscopy (TEM),
freeze-fracture transmission electron microscopy (FF-
TEM), and negative staining transmission electron
microscopy (NS-TEM), are preferred for liquid samples,
while scanning electron microscopy is used for solid sam-
ples [220]. In addition, TEM and atomic force micros-
copy (AFM) techniques can be used to reconfirm the
results obtained from photon correlation spectroscopy or
dynamic light scattering measurements [310].

Zeta Potential (ZP)

Zeta potential is an indicator of the physical stability of
a nano-system. It is determined by the electrophoretic
motion of particles in an electric field and is one of the
most studied parameters [311]. The surface potential is
able to be measured using the laser Doppler anemometry,
and the magnitude of ZP indicates the degree of electro-
static repulsion between two neighboring particles [220].

Page 26 of 39

Typically, a zeta potential of about+20 mV is suitable for
electrostatic attachment to the corneal surface [61]. High
zeta potential values (>+30 mV) can stabilize the nano-
formulations by electrostatic repulsion [23]. Besides, pos-
itively charged particles are more suitable for enhancing
electrostatic interactions with negatively charged ocular
surfaces, showing better bioavailability and activity [312,
313].

Stability

Stability issues such as creaming, flocculation, Ostwald
ripening, coalescence, and precipitation are essential
obstacles in developing nanocarriers [23]. The stability of
different nano-systems can be estimated by short-term
stability (3 months), centrifugation test, freeze—thaw
cycle, heating—cooling cycle and high-temperature stor-
age [314]. A promising approach to improve biological
stability is pegylated. As a hydrophilic non-ionic poly-
mer with high chain flexibility, PEG-coated or coupled
on the surface of nanocarriers can prevent macrophage
clearance by reducing contact with the surrounding
environment (oxidants, enzymes, and other degraders)
[315-317]. Besides, in vivo drug flux studies have shown
that pegylated nanostructured lipid carriers have nearly
twofold higher levels of ciprofloxacin in all ocular tissues
than non-pegylated nanostructured lipid carriers at 2 h
after administration [315].

Refractive index (RI)

Refractive index is measured by Abbe’s refractometer
to determine soft contact lenses’ water content, salinity
and sugar concentration [318]. The tear RI was generally
between 1.340 and 1.360. Therefore, the recommended
RI value for ocular formulations must be<1.476 [319,
320]. For instance, the RI values of intraocular NEs pre-
pared by Ismail et al. ranged from 1.334 to 1.338, which
was satisfactory to meet the demands [179].

pH

pH measurement plays a critical role in preparing sta-
ble and non-irritating ocular formulations. It has been
reported that acidic (pH<4) or alkaline (pH>10) solu-
tions can cause chemical damage to the eye [61].
Therefore, the appropriate pH of topical ophthalmic for-
mulations ranges from 6.6 to 7.8 [321]. Compared with
Travatan® eye drops, the pH value of the prepared NEs is
between 5.5 and 5.9, which is suitable for ocular instilla-
tion and can treat DED [179].

Retention

Ocular retention is a fundamental property of ocular
delivery systems because it prolongs the duration of drug
action, reduces the frequency of drug administration, and
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improves drug bioavailability [17]. Nanosystems with
larger surface areas, such as thin films, hydrogels, have
longer diffusion and contact time on the corneal surface,
which enhance eye retention. In general, y-scintigraphy,
texture analysis, fluorescence imaging and surface plas-
mon resonance spectroscopy are used to determine the
intraocular retention of nano preparations [17, 61, 322].

Viscosity

The viscosity of ocular preparations is generally less than
20.0 mPa [323], while the appropriate viscosity of ocular
preparations is generally 2-3 mPa [311]. It was reported
that the nano-formulations with higher viscosity and
lower surface tension could prolong retention times
[324]. Synthetic polymers (such as polyacrylate and PVA)
and natural polymers (such as hyaluronic acid, alginate)
can be used as viscosity enhancers. For example, in vivo
anterior corneal retention assay showed that the Chi-
tosan Oligosaccharides-coated nanostructured lipid car-
rier increased 7.7-fold compared with the uncoated lipid
carrier [325].

Osmolality/Isotonicity

Osmolality was determined based on four properties of
ocular or tears formulation parameters known as vapor
pressure, osmotic pressure, boiling point, and freezing
point [326]. In addition, osmolality can also be measured
in terms of the number of moles of solution per liter or
kilogram [327]. It was reported that ocular preparations
with osmolarity less than 100 mOsm/kg or more than
640 mOsm/kg were named as eye irritants depending on
the droplet volume [61].

Drug loading and release

Drug loading and release are essential to the ocular drug
delivery system. Nanocarriers require a high drug payload,
which can improve biocompatibility and achieve better
therapeutic effects [94]. The primary determinant of drug
load is drug solubility. The drug is released continuously in
nanocapsules with high encapsulation efficiency, and the
release rate is critical to achieve an effective therapeutic
effect and avoid drug toxicity. [328]. Pharmacokinetics can
be studied via a series of in vivo and in vitro experiments.
For example, the content of drugs can be detected in
tears and aqueous humor through ELISA (Enzyme-linked
Immunosorbent Assay) or HPLC (High Performance Lig-
uid Chromatography) in vitro [329, 330]. Alternatively, flu-
orescence-labeled drugs could be used and then detected
by confocal microscopy in vivo [331]. Besides, the results
can be analyzed by some pharmacokinetic parameters,
such as the maximum drug concentration (Cmax), the time
required to reach Cmax (Tmax), and the area under the
concentration—time curve (AUCO-t) [332].
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Biocompatibility and safety

Biocompatibility and safety are critical for nanocarriers.
The primary safety concerns of nano-formulation arise
from the surfactants and cationic lipids used in the formu-
lation, which may damage corneal epithelial cells during
long-term use [333-335]. The safety of eye preparations
was evaluated by various tests, such as HEM-CAM test,
Schimer’s test, Draize’s test, histopathological studies and
cell viability studies [23]. Using surfactants and cationic
lipids may create safety issues that should be further opti-
mized and improved during development [333]. In the
HEM-CAM test, ocular toxicity and irritation were pre-
dicted by observing the changes in blood vessels [336].

Approval and under clinical status

of nanotechnology-based delivery systems

for ocular diseases

With the increasing number of products on the market,
the development of nanotechnology for the treatment of
ocular diseases seems promising. Table 2 lists some FDA-
approved nanocarriers for ocular diseases.

For example, Restasis® was the first cyclosporine A
(CsA) oil-in-water emulsion approved by the FDA for the
treatment of DED in 2002 [337]. It used polysorbate-80 as
an emulsifier and 0.5 mg/ml CsA was dissolved in castor
oil. Importantly, the preservative-free emulsions (particle
size 100-200 nm) effectively avoided the toxicity shown
by earlier preservative-containing formulations. Never-
theless, Restasis® is still accompanied by side effects such
as epiphora, eye irritation and instillation pain [338].

Besides, Cequa® is a nano-micellar formulation con-
taining 0.09% CsA that is designed to improve drug
delivery and penetration to ocular tissues. Cequa® was
approved by the FDA in 2018 for the treatment of DED
[339]. The micellar formulation is composed of poly-
oxygenated hydrogenated castor oil and octoxynol-40,
which could form thermally stable micelles simultane-
ously by hydrogen bonding. The micelles have a par-
ticle size of 12-20 nm and a strong encapsulation
ability to increase the CsA concentration tenfold [149].
In addition, Restasis®(CsA), Eysuvis® (loteprednol eta-
bonate), Lacrisek® (vitamin A palmitate and vitamin E),
Cyclol<at®(CsA) and Artelac Rebalance® (vitamin B12)
are also used for the therapy of DED [22, 23].

Ikervis® was introduced in 2015 for the treatment
of severe keratitis [340]. Xelpros® can be used to treat
glaucoma or ocular hypertension [341]. Verkazia® and
Besivance® can be used for vernal keratoconjunctivitis
and allergic conjunctivitis/keratitis, respectively [341,
342].

Ozurdex® contains a PLGA polymer matrix that pro-
vides long-term release of dexamethasone for up to
6 months. It was approved by the FDA in June 2009 for
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Table 2 Some FDA-approved nanocarriers for the treatment of ocular diseases

Product Nanocarriers Drug Indications Approval date
Visudyne® Liposome Verteporfin Wet age macular degeneration 2000
Durezol® Nanoemulsion Difluprednate Postoperative ocular inflammation 2002
Restasis® Nanoemulsion Cyclosporine A Dry eye disease 2002
Retisert® Implant Fluclorolone Uveitis and macular edema 2005
Triesence® Nanoparticles Triamcinolone acetonide Dry eye disease 2007
AzaSite® Micelles Azithromycin DED; keratitis; eye inflammation 2007
Durezol® Nanoemulsion Difluprednate Eye infection and pain 2008
Cationorm® Nanoemulsion Medical device Dry eye disease 2008
Trivaris™ Nanoparticles Triamcinolone acetonide Uveitis 2008
Besivance® Nanosuspension Besifloxacin Ocular bacterial infection 2009
Tobradex ST® Nanosuspension Tobramycin Dexamethasone  Ocular inflammation and bacterial infection 2009
lkervis® Nanoemulsion Cyclosporine A Keratitis 2015
BromSite® Solution Bromfenac Postoperative inflammation and pain 2016
Cequa® Micelle Cyclosporine A Dry eye disease 2018
Inveltys® Nanosuspension Loteprednol etabonate Postoperative ocular inflammation and pain 2018
Xelpros® Nanoemulsion Latanopros Open-angle glaucoma or high intraocular pressure 2018
Eysuvis® Nanosuspension Loteprednol etabonate Dry eye disesae 2020
Verkazia® Nanoemulsion Cyclosporine Vernal keratoconjunctivitis 2021
Cyclokat® Nanoemulsion Cyclosporine A Dry eye disease NA
Lacrisek® Liposomal spray Vitamin A E Dry eye disease NA
Artelac Rebalance®  Liposomal eye drops  Vitamin B12 Dry eye disease NA

the treatment of macular edema [343, 344]. Bromsite®
[345] and Eysuvis® [346], which were based on Durasite
technology and mucus penetrating particle technology
respectively, extended the residence time of drugs and
improved treatment efficiency.

In addition, as shown in Table 3, many nano-based
ocular drug delivery systems are currently in clinical test-
ing stage, which further promote the delivery and devel-
opment of ophthalmic drugs. Although the approval of
nanocarriers has progressed slowly over the past two
decades, more nanocarriers, including ocular nanomedi-
cines, are expected to be available on the market in the
near future.

To treat cataracts, a recent Phase II clinical trial
(NCTO03001466) involving in evaluating the thera-
peutic effect of a urea-loaded nanoparticulate system
were conducted. Polymeric nanoparticles composed
of Pluronic® F-127 copolymers were used to enhance
urea efficacy. In this clinical trial, patients in each group
received either urea nanoparticles or balanced salt
solution, with one drop of eye solution, five times a day
for 8 weeks, and the scores of differences in 6-month
visual acuity were measured [347].

INVELTYS are delivered as mucus penetrating par-
ticles for the treatment of postoperative inflammation
and pain following eye surgery. The primary results of
the clinical trial showed that INVELTYS, administered

twice daily for 2 weeks, safely and effectively resolved
postoperative ocular inflammation and subject-rated
ocular pain after cataract surgery. The observed out-
comes could be attributed to mucus penetrating par-
ticles that enable the drug to penetrate the tear film
efficiently, facilitating drug release into targeting tissues
[348].

Besides, in a recent Phase II clinical trial
(NCT02466399), 80 participants with high IOP and
open-angle glaucoma were recruited. The differences in
intraocular pressure were measured after 3 months of
treatment to compare the efficacy and safety of liposome
latanoprost (POLAT-001) and latanoprost eye drops
[349].

Recently, a multi-center open-labeled study
(NCT02371746) is underway to evaluate the efficacy and
safety of ENV 515 (travoprost) for treating ocular hyper-
tension and glaucoma. AR-13503 (NCT03835884) and
AR-1105 (NCT03739593) designed using PRINT tech-
nology as intravitreal implants for the treating AMD and
DR are also in clinical trials [22].

Recent patents on ocular disease therapy

The application and approval of a patent is the final
confirmation of the commercial interest in a particular
product. In the past years, researchers and pharmaceu-
tical companies have made great progress in developing
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Table 3 Representative nanomedicines in clinical trials for treating ocular diseases

Products/Drugs Nanoformulation Indications Trials Phase
Cyclosporine OTX-101 Nanomicelles Dry eye disease NCT02845674 Il
AXR-159 ophthalmic Micelles Dry eye disease NCT03598699 I
ISV-303 Micelles Post cataract surgery inflammation NCT01576952 Il
ISV-305 Micelles Post cataract surgery inflammation NCT03192137 Il

Dexamethasone (OCS-01)
Urea (Pluronic® F-127)
Paclitaxel

Nanoparticles
Nanoparticles
Nanoparticles

Liposomal latanoprost Nanoparticles

SeeQ CdSe 655 Nanoparticles
Dexamethasone (Cyclodextrin NP) Nanoparticles
GB-102 Microparticles

Dexamethasone cyclodextrin Microparticles

Brimonidine tartrate Nanoemulsion

Clobetasol propionate Nanoemulsion

OCU-310 Nanoemulsion
TJO-087 Nanoemulsion
Catioprost Nanoemulsion

Omega-3 Fatty acids (Remogen® Microemulsion

Omega)
Difluprednate (PRO-145)
KPI-121 (1% and 0.25% loteprednol

Emulsion

Submicron suspension (PRINT technol-

NCT04130802 I
NCT03001466 I
NCT00738361 I
NCT01987323 I/l
NCT04008771 NA
NCT01523314 1I/1ll

Inflammation, corneal pain
Cataracts

Intraocular melanoma
Ocular hypertension
Retinitis pigmentosa
Diabetic macular edema

Wet AMD NCT03953079 I
Diabetic macular edema NCT01523314 I
Cataract NCT04246801 Il
Graft-vs Host disease (0GVHD) NCT03591874 Il
Meibomian gland dysfunction NCT03785340 Il
Dry eye disease NCT05245604 Il

NCT01254370 I
NCT02908282 NA

Glaucoma
Dry eye disease

NCT03693989 Il
NCT00849537 |, 1I

Cataract
Ocular infection, and inflammation

etabonate) ogy)
KPI-121 (1% and 0.25% loteprednol Submicron suspension (PRINT technol-  Dry eye disease and keratoconjunctivitis  NCT02163824 |l
etabonate) ogy) sicca
Triamcinolone Microsphere Diabetic macular edema NCT02813265 |lI
D-4517.2 Dendrimers AMD NCT05387837 |l
TLC399 (Pro Dex) Liposomes Diabetic macular edema NCT03093701 I
LAMELLEYE Liposomes Dry eye disease NCT03140111 NA
Phospholipid (Artificial tears) Liposomes Dry eye disease NCT02420834 NA
Liposomal latanoprost Liposomes Glaucoma NCT01987323 I/lI
Latanoprost (POLAT-001) Liposomes Ocular hypertension, open-angle NCT02466399 I
glaucoma
Hyaluronic acid Liposomes Meibomian gland dysfunction NCT03617315 NA
Vincristine Liposomes Metastatic malignant uveal melanoma NCT00506142 I
Margibo Liposomes Retinoblastoma NCT00335738 Il
ENV 515 travoprost extended release Intracameral implant (PRINT technology) Glaucoma, ocular hypertension NCT02371746 I
(XR)
AR-1105 (dexamethasone) Intravitreal implant Macular edema NCT03739593 I
AR-13503 Intravitreal implant Neovascular AMD, diabetic macular NCT03835884 |

edema

ocular drug delivery and have obtained multiple patents.
Table 4 lists some representative patents in nano-based
ocular drug delivery systems.

To treat cataracts, a patent (CN105726484B) disclosed
a composition of tetrandrine liquid crystal nanoparti-
cle eye-drops. The eye-drops were composed of matrix
material, stabilizer, penetrating agent and cationic mate-
rials etc. Importantly, this invention has the advantages
of strong drug loading capacity; good biocompatibility,

high biological viscosity, higher stability and the capac-
ity to improve the patient’s compliance [350]. Likewise,
Jialu et al. invented, a puerarin and scutellarin lipid nano-
particle ophthalmic preparation, with large membrane
surface area and high drug carrying capacity. This patent
(CN108066315A) opens up a new window for the treat-
ment of cataract [351].

Peter et al. were patented for demonstrating that NPs,
microparticles and implants are formed by polymer-drug
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Table 4 Recent patents on nano-based ocular drug delivery systems

Patent title/description Patent no Disease targeted Year  References

Seed crystal nanoparticles tetrandrine ophthalmic CN105726484B Cataract 2016 [350]

formulation and preparation method

Puerarin and scutellarin lipid nanoparticle ophthalmic CN108066315A Cataract 2016 [351]

preparation and preparation method thereof

Timolol maleate cubic liquid crystal nanoparticle eye CN106619573A Improved corneal infiltration capacity 2016 [352]

drops and preparation method thereof

Ophthalmic nanoemulsion composition containing PH12015502587B1  Dry eye disease 2016 [353]

cyclosporin and method for preparing same

Cyclosporine containing nonirritative nanoemulsion US 9,320,801 B2 Dry eye disease 2016 [354]

ophthalmic composition

Nanosuspension of tobramycin and dexamethasone CN105708844A DED, Conjunctivitis, and tingling sensation 2016 [355]

and preparation method thereof in the eye

Treatment of glaucoma and/or retinal diseases WO2017152129A2  Glaucoma and retinal diseases 2017 [356]

Method for regulating retinal endothelial cell viability US 9,566,255 Pathological conditions of retinal endothelial 2017 [357]
cells

Pharmaceutical nanoparticles showing improved AU2013256092B2  Aid in the transportation of Low aqueous 2017 [358]

mucosal transport soluble drugs in front of the eye

Nanoparticle ophthalmic composition for the treatment  US20190070242A1  Tear dysfunction syndrom 2018  [359]

of ocular disorders or diseases

Non-irritating nanoemulsion eye drop composition US 15/747,618 Dry eye disease 2018 [360]

containing cyclosporine

Method for regulating retinal endothelial cell viability UsS 10,010,516t Pathological conditions of retinal endothelial 2018 [361]
cell

Compositions of jasmonate compounds and methods US20180000958 A1 Angiogenesis-related 2018 [362]

of use

Ophthalmic compositions and methods of use US20190008920A1  Disorders, inflammatory diseases 2018 [363]

Liposomes that contain at least one bilayer of lipid US9956195B82 Dry eye syndrome 2018 [364]

a prostaglandin F2a and phosphatidylcholine

A nanostructured biocompatible wafer which was used ~ US9931306B2 Glaucoma, ocular surface disease 2018  [365]

in conjuctival cul-de-sac

The NPs, implants and microparticles are formed US20190070302A1  Wet AMD, uveitis 2019 [366]

by the combination of polymer-drug

Nanoparticles stabilized by nitrophenylboronic acid JP2019108372A For effective delivery of drugs to specific 2019 [367]

composition targets of eyes

Drug delivery implant for treating eye diseases, W02019160306A1  Ocular surface diseases 2019 [368]

and preparation method

Liposome corticosteroid for the locally injecting CN109906075A Inflammatory lesion in eye 2019 [369]

in inflammation lesion or region

An oil-in-water nanoemulsion composition of clobetasol ' W02018233878A1  Inflammatory diseases or conditions 2019 [370]

Ophthalmic compositions and methods of use W02020047197A1  Dry eye disease related symptoms 2020 [371]

Eye composition containing cyclosporine and a method  KR20200000395A  Dry eye disease, conjunctivitis, and tingling 2020 [372]

of preparing the same sensation in the eye

A surfactant-free type ophthalmic nanoemulsion com- ~ KR20200053205A  Dry eye disease 2020 [373]

position and the manufacturing method thereo

Nanocrystalline eye drop, preparation method, CN110664757A Congenital macular degeneration 2020 [374]

and application thereof

Preservative free ocular compositions and methods US10751337B2 Dry eye disease and other eye disorders 2020 [375]

for using same for treating dry eye disease and other eye
disorders

a ssociations, with the ability to easily administer the
required dose and deliver several drugs over extended
periods of time (US20190070302A1). In addition, they
disclosed that multiblock conjugates in the form of

nonlinear copolymer-drug performed better and had
fewer side effects compared to administration alone. The
patent could be used to treat uveitis and wet AMD [366].
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A patent (KR20200000395A) disclosed a composi-
tion of a nanoemulsion consisted of an active ingredient
cyclosporine in a highly dissolved state and an emulsifier
in an aqueous vehicle, which can improve the stability
of medicine. The ideal particle size of nanoemulsion is
100 nm, with a narrow particle distribution. This applica-
tion is effective for the treatment of DED, conjunctivitis
and other ocular diseases [372].

Similarly, Application KR20200053205A provides a
nano-emulsion eye drop consisting of cyclosporine, a sol-
ubilizer, a solvent and a stabilizer. Nanoemulsions have a
droplet size of 20 nm or less, which facilitates penetration
of the ocular barriers. Importantly, the nanoemulsion eye
drop can improve stability and patient compliance, which
are also used for the treatment of DED [373].

Challenges and future perspectives
In this review, we first introduced the anatomy and bar-
riers of the eye, where effective treatments and drug
delivery are significant challenges due to the diversity of
the diseases and the presence of ocular barriers, espe-
cially in the posterior segment of the eye. Although tra-
ditional drug administration has achieved certain efficacy
in treating ocular diseases, some limitations remain, such
as poor permeability, ineffective distribution, and insuf-
ficient bioavailability. Novel drug delivery methods, such
as nanomicelles, NPs, nanosuspensions, microemulsions,
dendrimers, liposomes, contact lenses, aqueous gels,
MN:s, and other novel drug delivery methods can signifi-
cantly improve the efficacy of current treatment. At the
same time, continued innovation in gene delivery and
exosomes seems to be very exciting for drug delivery.

Despite some progress in developing novel ocu-
lar drug delivery systems, several challenges still exist.
These include the complexity of production technol-
ogy and processes, which limit the clinical translation
of nanotechnology-based ocular drug delivery systems.
Additionally, there is a need to improve the stability and
safety of nanocarriers to minimize potential complica-
tions. Many new drug delivery techniques are primarily
tested in animal experiments or in vitro studies, lacking
comprehensive in vivo evaluations in human eyes. The
targeting capabilities of nanocarriers need enhancement,
and their metabolic fate within the eye remains unclear.
Furthermore, these technologies’ high technical require-
ments and manufacturing costs have hindered their com-
mercial production and widespread clinical application.
Addressing these challenges is crucial to advance ocular
drug delivery and promoting its successful implementa-
tion in clinical practice.

In the future, more efforts should be paid to developing
novel non-invasive ODDS that can overcome the ocu-
lar barriers, prolong the drug release time, and sustain
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therapeutical concentration at the lesion targets. Thus,
nanocarriers’ size, zeta potential, refractive index, safety,
stability, pH, surface tension and osmotic pressure, of
nanocarriers ought to be optimized. At the same time,
more in vitro and in vivo experiments should be carried
out, animal models more similar to human eye diseases
should be established, and the evaluation methods of
therapeutic effect should be further improved to better
predict the safety and efficacy of delivery vectors. In addi-
tion, gene therapy, exosomes, and tissue engineering also
provide new directions for ocular drug delivery.

In summary, the advantages of novel drug-delivery sys-
tems for ocular applications are undeniable, and these
innovative nanocarriers will be increasingly used in clini-
cal practice in the future.

Abbreviations

AAV Adeno-associated virus
AFM Atomic force microscopy
AMD Age-related macular degeneration

AmpB Amphotericin B

ASO Antisense oligonucleotide

aVv Anti-VEGF antibodies

BAB Blood-aqueous barrier

BetP Betamethasone phosphate

Bev Bevacizumab

BRB Blood-retinal barrier

BT Brimonidine tartrate

CIP-NE Ciprofloxacin-loaded nanoemulsion

CNV Choroidal neovascularization

CsA Cyclosporine A

CSO-WV-SA Chitosan oligosaccharide-valylvaline-stearic acid
CS-PLGA NPs Chitosan-coated polylactide-glycolic acid nanoparticles

DED Dry eye disease

Dex-NW Dexamethasone-loaded nanowafer

DHPs Dendrimer gel hydrogel particles

DLS Dynamic light scattering

DR Diabetic retinopathy

D-TA Dendrimer-triamcinolone acetonide

EV Extracellular vesicle

EXO Exosome

FDA Food and drug administration

FF-TEM Freeze-fracture transmission electron microscopy
FK Fungal keratitis

HA Hyaluronic acid

HA-LIP Liposomes coated with hyaluronic acid
HCO-40/0C-40  Hydrogen-castor oil 40/octyl alcohol 40
HDR Homology-directed repair

IOP Intraocular pressure

VT Intravitreal injection

MEL Melatonin

MEs Microemulsions

MGO Methylglyoxal

MNs Microneedles

MOX-PAM Moxifloxacin-pamoate

MSC-exo Exosomes derived from mesenchymal stromal cells
NaMESys Nanostructured microemulsions system
NaMESys-SOR NaMESys carrying sorafenib

nEPC Copolymer EPC

nEPCs+A Aflibercept loaded nEPCs

NEs Nanoemulsions

NHEJ Non-homologous end joining mechanisms
NPs Nanoparticles

NS Nanosuspension
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NS-TEM Negative staining transmission electron microscopy

O/W Oil-in-water

ODDS Ocular drug delivery systems

PCL Polycaprolactone

PDI Polydispersion index

PEG Polyethylene glycol

PLA Polylactic acid

PLGA Polylactide-coglycolide,

PUTK Thioketal-containing polyurethane

PVA Polyvinyl alcohol

rEXS Exosomes derived from regulatory Treg cell

RH Reactive oxygen -scavenging hydrogel

rMMNs Redox-responsive quasi-mesoporous magnetic
nanospheres

SEM Scanning electron microscopy

shRNA Short hairpin RNA

SIRNA Small interfering RNA

SNEDDS Self-nano emulsifying drug delivery systems

SPM Self-plug-type microneedle

TA Triamcinolone acetonide

TEM Transmission electron microscopy

TPGS Tocopherol polyethylene glycol 1000 succinate

VEGF Vascular endothelial growth factor

W/0 Water-in-oil

7P Zeta potential
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