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Since the theory of free radical-induced aging was proposed in 1956, it has been constantly proven that
reactive oxygen species (ROS) produced by oxidative stress play a vital role in the occurrence and pro-
gression of eye diseases. However, the inherent limitations of traditional drug therapy hindered the devel-
opment of ophthalmic disease treatment. In recent years, great achievements have been made in the
research of nanomedicine, which promotes the rapid development of safe theranostics in ophthalmology.
In this review, we focus on the applications of antioxidant nanomedicine in the treatment of ophthal-
mology. The eye diseases were mainly classified into two categories: ocular surface diseases and posterior
eye diseases. In each part, we first introduced the pathology of specific diseases about oxidative stress,
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and then presented the representative application examples of nano-antioxidants in eye disease therapy.
Meanwhile, the nanocarriers that were used, the mechanism of function, and the therapeutic effect were
also presented. Finally, we summarized the latest research progress and limitations of antioxidant nano-
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1 Introduction

Oxidation/reduction mechanisms are an important regulatory
mechanism in organisms and they are usually in equilibrium."
Since the theory of free radical-induced aging was proposed in
1956, various studies have confirmed that oxidative stress dis-
order is a key factor in many pathological processes and devel-
opment,2 such as cancer, cardiovascular disease, neurodegen-
erative diseases, diabetes, and eye degenerative diseases.®™
Oxidative stress is associated with the expansion of reactive
oxygen species (ROS) or decreased concentrations of antioxi-
dants. ROS consist of several key components, including
superoxide (0®7), hydrogen peroxide (H,0,), hydroxyl radicals
(‘OH), singlet oxygen ('0,), and nitric oxide (NO). These
species act like a double-edged sword, being harmful to bio-
logical systems at high concentrations and preventing infec-
tion at moderate concentrations.® When excess ROS continu-
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medicine for eye disease treatment and put forward the prospects of future development.

ously accumulates, it can cause damage to cellular com-
ponents such as DNA, proteins, and lipids, leading to struc-
tural and functional changes, thereby contributing to aging,
carcinogenesis, neurodegenerative diseases, autoimmune dis-
eases, and other conditions. Meanwhile, the continuous
imbalance between the production and scavenging capacities
of ROS can lead to the system being subjected to increasing
oxidative stress, and the constant vicious cycle produces more
free radicals. The eyes are the “ruins” for ROS damage. ROS
production in the eye can be divided into exogenous and
endogenous types according to the source. Corneal and ocular
surface epithelial cells are exposed to atmospheric and high
concentrations of oxygen with a partial pressure of oxygen of
about 20%, therefore it is more susceptible to exogenous ROS
interference. The posterior structure of the eye, such as the
retina and optic nerve, need to be extremely active to produce
vision, which is one of the most active parts of the mitochon-
dria in the body. Mitochondria produce large amounts of ROS,
so the posterior part of the eye is highly vulnerable to endogen-
ous ROS attack. ROS can directly damage ocular tissues,
leading to cell death, tissue degeneration, and visual impair-
ment, which can result in various ocular diseases, such as age-
related macular degeneration (AMD), cataract, and glaucoma.
With the destruction of the stratospheric ozone layer and the
popularization of LED electronic products, more and more
people suffer from the oxidative stress on the eye, which is
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bound to aggravate the inflammatory response of the eye.”
Therefore, management of ocular oxidative stress has become
high priority and urgent.

Therefore, the utilization of antioxidants as a therapeutic
intervention holds significant promise in addressing ROS-
related diseases, rendering them an appealing avenue for clini-
cal research and implementation. Clinical practice involves
two main categories of antioxidant drugs, as outlined in
Table 1. The first category encompasses direct free radical sca-
vengers, including vitamin C, vitamin E, and beta-carotene.
These compounds contribute electrons to counteract free rad-
icals, thereby mitigating oxidative stress within the body. The
second category of antioxidant drugs functions by enhancing
the body’s inherent antioxidant defenses, employing natural
enzymes such as superoxide dismutase, catalase, glutathione
peroxidase, etc.® These enzymes work to convert ROS into less
harmful substances, and by upregulating their activity, the
body is better able to neutralize free radicals and reduce oxi-
dative stress.

Reducing ROS levels as an underlying therapeutic approach
has subsequently been proposed for the treatment of eye dis-
eases. Antioxidants have been shown their effectiveness in
mitigating damage and even inhibiting the progression of eye
diseases. Numerous studies have demonstrated that antioxi-
dants can improve immune function, modulate gene
expression, and reduce inflammation, which are all critical
factors in the development and progression of eye
diseases.>*** Despite the proven benefits of antioxidants in
ocular disease therapy, practical application faces limitations
due to factors including low solubility, poor bioavailability,
and a short half-life. Due to the unique physiological charac-
teristics of the eye, drugs are difficult to realize effective pene-
tration and target enrichment, making the efficiency and
therapeutic effect unsatisfactory, especially the eye drops.>*
When the eye drops drop into the eye, the drug is hindered by
the tear film, whose outer and inner layers are composed of
lipid layers, mucins, and metabolic enzymes, while the middle

Table 1 The applications of antioxidant molecules in ophthalmology
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layer is a hydrophobic layer containing salt. The stromal layer
is hydrophilic, while the inner cortex and outer cortex are lipo-
philic. Regular eye drops can hardly penetrate the cornea
because most drugs are just lipid- or water soluble.>® At the
same time, tear washes and blinking make it more difficult to
stay on the ocular surface. Therefore, it is difficult for drugs to
achieve a durable therapeutic effect and a stable therapeutic
concentration. Furthermore, in retinal and optic nerve dis-
eases, drugs need to penetrate the anterior chamber to reach
the posterior segment of the eye. One barrier after another like
cornea, conjunctiva, sclera and vitreous, it is almost imposs-
ible for drugs to reach the posterior segment of the eye. In
addition to the basic barrier properties, the cornea also has
transmembrane transport pumps such as
P-glycoprotein®® and multidrug resistance proteins at the same
time,”” which further reduce the therapeutic effect of regular
antioxidant drugs.

Another clinical administration mode is intravitreal injec-
tion. Although the poor bioavailability of drugs can be
improved by injecting the solution or suspension directly into
the tissue site, the pain and complications associated with fre-
quent injections also preclude it from becoming a satisfactory
treatment. Hence, the current limitation in the therapeutic
efficacy of antioxidant drugs is predominantly attributed to
their distinctive chemical properties and the challenges associ-
ated with achieving effective delivery.

In recent years, with the continuous development of nano-
medicine, various nanomaterials have been used to deliver
drugs to the target site. By encapsulating drugs in nano-
materials or modifying them on the surface, effective nano-
drug delivery systems can be constructed.”® Nanocarriers
enhance the bioavailability of antioxidant drugs by improving
their solubility and absorption in the body. This elevation in
bioavailability prolongs the circulation time of the drugs,
thereby extending their therapeutic impact. Furthermore,
nanocarriers contribute to enhanced target specificity by
surface modification or functionalization, enabling more

various

Antioxidant molecule Potential applications in ophthalmology Ref.

Vitamin E Prevention or slowing of AMD 9

Vitamin C Reduces the ability of IFN-y to increase CFH expression in RPE 10

Glutathione Maintenance of the antioxidant defense system 11

Alpha-lipoic acid a-LA reduced retinal cell death partly through AMPK activation or OGT inhibition in diabetic mice 12

Curcumin Curcumin modulation of CaMKII and/or ser/thr phosphatases activities as a mechanism involved in GluN2A 13
expression and neuroprotection against excitotoxicity

Resveratrol Reduction of oxidative damage and inflammation 14

Quercetin Quercetin demonstrated protection in an in vitro model of early AMD 15

Delphinidin Protective effects of delphinidin against H,O,-induced oxidative injuries in human retinal pigment epithelial 16
cells

Lutein and zeaxanthin  Prevention of age-related macular degeneration and cataracts 17

Melatonin Ameliorate retinal degeneration through potentially attenuating apoptosis, reactive gliosis, and microglial 18
activation

Magnesium Protection against NMDA-induced retinal damage 19

acetyltaurate

Coenzyme Q10 Neuroprotective effects on retinal ganglion cells 20

Epigallocatechin Reduced the loss of visual function in P23H rats and improved the levels of antioxidant enzymes and reduced 21

gallate oxidative damage
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effective drug release in specific cells or tissues while minimiz-
ing effects on normal cells. In addition, nanocarriers serve to
overcome physiological barriers encountered by drugs in vivo,
such as metabolism and excretion, ensuring prolonged drug
stability and effective delivery to the intended therapeutic
targets. They not only exhibit advantages that are difficult to
achieve with conventional antioxidants, but also can realize a
variety of effects through continuous modification.
Nanomaterials can use their own properties to achieve syner-
gistic anti-oxidation, diagnostic therapeutics and other func-
tions.*® For example, specific cell membranes can be modified
on the surface of NPs to improve biocompatibility and target-
ing,?® simultaneous gene therapy can be achieved by siRNA
loading,®" photothermal therapy can make use of the photo
responsiveness of materials,’> and the imaging function can
be used to realize the integration of diagnosis and treatment
of diseases.*® All of these prompt nano-antioxidants as a prom-
ising approach for treating ocular diseases, offering exciting
opportunities to enhance clinical outcomes and improve
patients’ life quality.

At present, many studies have introduced nanocarriers into
ophthalmic antioxidant therapy and nanocarriers loaded with
antioxidant drugs to exert synergistic antioxidant effects are
referred to as “nano-antioxidants” (summarized in Table 2).
Using these nanoparticles (NPs) is gradually becoming the
most promising therapeutic strategy for ophthalmic diseases
like AMD,** diabetic retinopathy,® and glaucoma.®
Accordingly, in this review, we first classified eye diseases into
two categories: ocular surface diseases and posterior eye dis-
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eases. In each part, we analyzed the pathology of specific dis-
eases about oxidative stress and discussed the possibility and
necessity of nano-antioxidants. Second, we introduced the
current application of nanomedicine for antioxidant therapy.
At the same time, the nanocarriers that were used, the mecha-
nism of function, and the therapeutic effect were presented.
Finally, we summarized the latest research progress and limit-
ations of antioxidant nanomedicine for eye disease treatment
and also put forward the prospects of future development

(Fig. 1).

2 Oocular surface diseases

Ocular surface diseases (OSDs) are a group of disorders that
affect the surface of the eye, including the cornea and conjunc-

"@‘@&

Nano-antioxidants

Precise Delivery
Prolonged Retention
Multifunctional treatment

Lipid peroxidation
Protein modification!

Fig. 1 The role of ROS in eye disease.

Table 2 A brief summary of nano-drug carriers used in ophthalmic diseases

Nanomaterial Application Benefits Ref.
Gold Drug delivery, imaging, gene therapy, Biocompatible, easily functionalized, and efficient drug carriers 37
and tissue engineering
Iron oxide Imaging, drug delivery, and Good contrast agents for MRI imaging. Efficient drug delivery and 38
hyperthermia hyperthermia agents
Liposomes Drug delivery Biocompatible and biodegradable drug carriers with high drug loading 39
capacity
Polymeric Drug delivery, imaging, and tissue Biocompatible and biodegradable drug carriers with high drug loading 40
engineering capacity. Can be engineered for targeted delivery and imaging
Carbon dots Drug delivery, imaging, and Optical properties for imaging. Can cross the blood-retinal barrier and 41
neuroprotection provide neuroprotection in retinal diseases
Fullerenes Drug delivery, imaging, and Antioxidant and neuroprotective properties. Can cross the blood-retinal 42
neuroprotection barrier and provide neuroprotection in retinal diseases
Quantum dots  Imaging, drug delivery and a sensor Optical properties for imaging. Can be engineered for specific imaging 43
applications
Cerium oxide Antioxidant therapy, and tissue Protect cells from oxidative damage and promote tissue regeneration 44
engineering
Zinc oxide Antioxidant therapy, imaging, and drug Good antioxidant properties 45
delivery
Selenium Antioxidant therapy, imaging, and drug Good antioxidant properties. Can be used for imaging and drug delivery 46
delivery
Silica Imaging, drug delivery, and gene Biocompatible and easily functionalized drug carriers. Good optical 47
therapy properties for imaging
Chitosan Drug delivery and gene therapy Biocompatible and biodegradable drug carriers with high drug loading 48
capacity. Can also be used for gene delivery
Gelatin Drug delivery Biocompatible and biodegradable drug carriers with high drug loading 49
capacity
Titanium Imaging and drug delivery Good optical properties for imaging. Can be used for drug delivery 50
dioxide

This journal is © The Royal Society of Chemistry 2024
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tiva. OSDs are characterized by inflammation and oxidative
stress, which can lead to tissue damage and visual impair-
ment.”" Antioxidant therapy has been proposed as a potential
treatment for OSDs due to their ability to counteract oxidative
stress and reduce inflammation. However, conventional antiox-
idants have limited therapeutic efficacy because of their low
bioavailability and poor tissue penetration. Nanomaterials,
such as liposomes, polymeric NPs, and dendrimers, have been
developed to improve the stability, bioavailability, and tissue
penetration of antioxidants.>®> These nano-antioxidants can
effectively reduce oxidative stress and inflammation in OSDs.
In addition, the use of nano-antioxidants in combination with
other treatments, such as anti-inflammatory drugs and lubri-
cants, has been proved to provide a synergistic effect. In this
section, we briefly summarize the association of ocular surface
diseases with oxidative stress and introduce typical application
examples of nano-antioxidants in ocular surface disease
treatment.

2.1 Dry eye syndrome

Dry eye syndrome (DES), a multifactorial ailment predomi-
nantly caused by hyperosmolarity of the tear film, can cause
ocular discomfort and potentially impair vision.>?
Inflammation, the result of both the early innate immune
response and subsequent adaptive response, has been recog-
nized as a significant factor that might start the vicious cycle
of dry eye. Oxidative stress usually plays a key role in the
inflammatory response and it is well accepted that ROS pro-
duction is the cumulative result of oxidative stress.>*
Intracellular ROS have high chemical reactivity, making them
unusually reactive with practically all cellular elements and
capable of inducing cell death. It has been demonstrated that
ROS can cause dry eye by activating cytosolic NLRP3 inflamma-
somes, indicating that the inflammatory response is crucial in
the ROS-induced cell damage.” Cortisol hormone is the most
widely used drug for DES treatment, but its long-term use has
the risk of causing glaucoma and cataract.’®
Immunomodulators, such as cyclosporine A, have been widely
approved by the US FDA for the treatment of inflammatory
ocular surface diseases. However, studies have shown that at
least long-term follow-up is needed to prove the positive effect
of immunomodulators on dry eye and the incidence of adverse
reactions such as burning sensation and stinging will be sig-
nificantly increased.”” Drugs for the treatment of DES usually
require high concentrations and long-term use, so the risks
caused by these drugs should not be overlooked. Therefore,
new therapeutic strategies are urgently needed.

There is usually a wide range of antioxidant active com-
ponents in nature. Lee et al.** extracted an active agent from
Camellia japonica (CJ) which could promote antioxidative
protein expression and suppress apoptosis in HCE cells. They
used eye drops with a nano CJ extract or balanced salt solution
on dry eye models, which showed that HCE cell apoptosis was
reduced under the treatment with CJ extracts. When compared
the control groups to the mice treated with 0.1% CJ extract,
clinical parameters were significantly improved. The CJ extract
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groups showed a marked reduction in the levels of inflamma-
tory markers and intracellular ROS production. It suggested
that the nano CJ extract eye drops could be utilized as an
approach for dry eye treatment.

In addition to natural antioxidant components, loading
existing drugs onto nanocarriers is also an attractive strategy.
Li et al.>® developed a novel treatment for dry eye disease using
poly(catechin)-capped gold nanoparticles (Au@Poly-CH NPs)
carrying amfenac (AF) to reduce ocular surface tissue damage
in dry eye (Fig. 2A). A dual-target strategy based on ocular
therapy was used to block cyclooxygenase-induced inflam-
mation and ROS-induced oxidative stress simultaneously
(Fig. 2B). The experimental results showed that Au@Poly-CH
NPs function synergistically to reduce inflammation in addition
to acting as an antioxidant to inhibit ROS-mediated activities.
First, the researchers found that Au@Poly-CH NPs possess sig-
nificant superoxide anion scavenging activity. This activity may
be ascribed to the inhibition of enzyme XO which produces
ROS through the formation of hydroxyl radicals and urea. Then
biocompatibility studies of AF/Au@Poly-CH NPs demonstrated
their high tolerability for the treatment of ocular surface dis-
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Fig. 2 (A) Schematic diagram of the preparation process of AF/
Au@Poly-CH NPs. (B) Schematic diagram of AF/Au@Poly-CH NP admin-
istration. (C) Representative images of H&E stain after different treat-
ments. (D) Corneal epithelial thickness values after different treatments.
(E) Conjunctival impression cytological image. (F) Goblet cell numbers.
Values are the mean + standard deviation (n = 6). Asterisks indicate stat-
istically significant differences as compared treated groups to Ctrl (*p <
0.05, **p < 0.005, ***p < 0.001) and DED groups to the Pre group (###p
< 0.001). Reproduced with permission.>® Copyright 2019, The Royal
Society of Chemistry.
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eases. In a rabbit model of DES, the dual-targeted therapeutic
actions of AF/Au@Poly-CH NPs resulted in quick recovery. HE
staining showed that the corneal normality and thickness were
improved compared with the control group (Fig. 2C and D), and
the number of goblet cells was also significantly increased
(Fig. 2E and F). Therefore, Au@Poly-CH NPs loaded with non-
steroidal anti-inflammatory drugs is a potential multifunctional
nanocomposite for treating DES, and it may also be useful for
other oxidative stress-related diseases.

Huang et al. investigated the effectiveness of gelatin-epigal-
locatechin gallate NPs (GEH NPs) with hyaluronic acid (HA)
decoration as eye drops for the treatment of DES in rabbits
(Fig. 3A).>° This study found that the GEH NPs with HA decora-
tion exhibited notable efficacy in alleviating the symptoms of
DES by exerting anti-inflammatory effects. First, they used
small animal imaging to observe the drug and found that com-
pared with the control group, the GEH group had better
enrichment in the eye region and reduced systemic reactions
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Fig. 3 (A) Schematic diagram of the preparation of GEH NPs. (B)
Accumulation of fluorescent particles on rat eye after 5 min dosing with
different formulations. (C) Slit lamp photography after fluorescein stain-
ing. (D) Confocal microscopy of dye or NP distribution in the corneal
epithelium from a cryosection of the rabbit cornea in images at low
magnification. (E) Thickness of corneal epithelium layers and the
number of apoptotic cells in the cornea. (*P < 0.05 compared with DES,
#P < 0.05 compared with GEH). Reproduced with permission.>®
Copyright 2020, Elsevier Inc.
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(Fig. 3B). Subsequently, slit lamp observation showed that
GEH had a significant therapeutic effect (Fig. 3C). These find-
ings were also confirmed by corneal thickness and the number
of apoptotic cells detected by immunofluorescence staining
(Fig. 3D and E). The results indicated a significant decrease in
the inflaimmatory response and an improvement in ocular
surface damage induced by DES. Compared with traditional
drugs, it can significantly improve the retention time and treat-
ment effect while ensuring safety.

Hu et al. rationally designed and developed a pterostilbene-
peptide amphiphile (PS-GA-RGD), which can self-assemble
into prodrug nanomedicine as a potential ophthalmic agent
for the treatment of dry eye disease.®® After esterase treatment,
active pterostilbene (PS) was sustainably released from
PS-GA-RGD nanomedicine within 48 h. The PS-GA-RGD nano-
drugs showed minimal cytotoxicity against RAW 0.20 and
HCCEC cells in the range of 264-7 pM compared to native PS
and did not delay wound healing of HCEC monolayers within
6 h. In addition, PS-GA-RGD nanomedicine effectively reduced
H,0,-stimulated RAW264.7 macrophages and significantly
inhibited the secretion of inflammatory cytokines such as NO,
TNF-a and IL-7 in lipopolysaccharide (LPS)-activated
RAW6.264 macrophages.

Dry eye is a disease highly related to oxidative stress.
Although many multifunctional NPs have been investigated for
anti-inflammatory and anti-oxidative synergistic therapy, a few
antioxidant drugs have been used in clinical practice. New
research advances are expected to promote clinical trials and
provide more effective and safe methods for dry eye patients.

2.2 Allergic conjunctivitis

Allergic conjunctivitis is a common ocular disease caused by
an exaggerated immune response to environmental allergens
such as pollen, dust, and animal dander, which leads to the
release of inflammatory mediators and ultimately results in a
spectrum of clinical manifestations, including itching,
redness, and tearing.®" ROS are highly reactive molecules that
are produced by various metabolic and cellular processes,
including the immune response to allergens. When the pro-
duction of ROS in the conjunctival region exceeds the anti-
oxidant defense capacity, it leads to cell damage and inflam-
mation, and allergic conjunctivitis ensues. Studies have shown
that the increase of intracellular ROS levels in allergic keratitis
leads to the infiltration and recruitment of inflammatory
cells.®? Although topical or systemic medications, such as anti-
histamines, mast cell stabilizers, and corticosteroids, are
widely used to alleviate symptoms and manage the disease,
their therapeutic effect is limited due to their poor bio-
availability, rapid clearance, and side effects. Therefore, the
development of nanodrugs has emerged as a promising strat-
egy to relieve symptoms of conjunctivitis. Several examples of
nanomedicine-based approaches of conjunctivitis have been
reported, such as polymeric NPs loaded with anti-inflamma-
tory agents,® liposomes encapsulating immunomodulatory
drugs,®* and nanofibers incorporating anti-allergy molecules.®>
These nano drugs have shown significant improvements in
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pharmacokinetics, bioactivity, and therapeutic outcomes in
preclinical and clinical studies, indicating the great potential
of nanomedicine in the management of allergic conjunctivitis.

Due to its high biocompatibility and high biodegradability,
PLGA (poly (p,L-lactide-co-glycolide)) has been licensed by the
FDA for use in ophthalmic products, and PLGA-NP systems
have been hailed as promising for the prolonged and regulated
delivery of medications.®” Cao et al. found that using NPs
loaded with rAmb-a-1, a major allergen of ragweed pollen, was
effective in reducing the symptoms of allergic conjunctivitis in
a murine model.®® The NPs were made of a biocompatible
polymer, PLGA-PEG, and were able to efficiently deliver the
allergen to the site of inflammation. First, they characterized
the drug and found that uniform NPs of about 100-200 nm
could be prepared (Fig. 4A-a and b). The release speed of the

Cumulative rAmb a 1 released(’%)

(a)

(B) challenge

qJP .\‘rcnllcc

T T T Balb/c mice

3537 38

3000

8 w00

1000

Fig. 4 (A) Characterization of rAmb a 1-loaded PLGA-PEG nano-
particles: (a) field emission scanning electron microscopy image; (b)
dynamic light-scattering spectra; and (c) in vitro cumulative protein
release of rAmb a 1-loaded PLGA-PEG nanoparticles. (B) Experimental
design. (C) Ocular signs of allergic conjunctivitis and eye feature score.
(D) Formalin-fixed conjunctival tissue section with mast cells stained
with toluidine blue and degranulation rate of mast cells. (E) Serum-
specific IgE (a), IgG2a (b), IL-4 (c), IFN-y (d) and IL-13 (e) in each group.
The data are shown as the mean + SD from five individual mice (***p <
0.001, **p < 0.01, *p < 0.05. ns: no significant difference). Abbreviations:
NG, naive group; AC, allergic conjunctivitis group; AC + rAmb a 1-PP,
allergic conjunctivitis + rAmb a 1-PLGA-PEG treatment group; AC + PP,
allergic conjunctivitis + PLGA-PEG treatment group; and AC + rAmb a 1,
allergic conjunctivitis + rAmb a 1 treatment group. Reproduced with
permission.®® Copyright 2022, MDPI.

7312 | Nanoscale, 2024, 16, 7307-7322

View Article Online

Nanoscale

NPs was evaluated and the efficacy of slow release was proved
(Fig. 4A-c). In addition, the NPs exhibited antioxidant effects,
further reducing inflammation and oxidative stress. By indu-
cing allergic keratitis in Balb/c mice (Fig. 4B), the symptoms of
the treatment group were significantly better than those of the
control group, as assessed by the slit lamp and clinical scores
after treatment (Fig. 4C). Subsequently, the detection of the
tissue morphology (Fig. 4D), IgE, IL-13 and other allergy-
related factors (Fig. 4E) also found that the NPs not only
relieved the symptoms of allergic keratitis, but also played a
protective role in the tissues. This indicates that regulating oxi-
dative stress can also obtain good therapeutic benefits for
immune-related inflammatory diseases. At the same time,
PLGA as an FDA-approved material is expected to be used for
subsequent ophthalmic treatment.

2.3 Cornea disease

2.3.1 Pterygium. Pterygium is an abnormal growth of
tissue that forms on the surface of the eye, extending from the
conjunctiva into the center of the cornea. This condition is
closely associated with DNA damage and has been found to
have increased levels of 8-hydroxy-2-deoxyguanosine (8-OHdG),
a DNA marker induced by oxidative stress present in pterygium
tissues.®® The high levels of 8-OHdG found in pterygium
tissues may suggest that DNA damage caused by ROS is an
important factor contributing to the formation of pterygium.®’
In addition, oxidative stress can lead to the overexpression of
Hsp90 in pterygium epithelial cells. Hsp90 induces the upre-
gulation of vascular endothelial growth factor (VEGF) and regu-
lates retinal angiogenesis through the Hsp90/VEGF pathway,
which may be one of the reasons for the angiogenesis of
pathological pterygium.”® Therefore, antioxidant therapy is
necessary to reduce the damage caused by ROS and prevent
the progression of pterygium.

Wu et al. developed and attenuated effective MMC@MSNs-
LDL NPs to effectively treat pterygium.”* Mitomycin C (MMC)
has been used for a long time as an adjuvant therapy to reduce
the recurrence of pterygium, but it is associated with many
adverse reactions. In an effort to deliver MMC to activated pter-
ygium fibroblasts in a targeted manner, MMC-loaded meso-
porous silica NPs conjugated with LDL (MMC@MSNs-LDL)
were synthesized (Fig. 5A). Characterization of the NPs showed
that they were spherical particles with uniform stability and
excellent physical properties (Fig. 5B). Previous studies have
shown that activated pterygium subconjunctival fibroblasts
overexpress LDL receptors. The addition of LDL enables better
enrichment of the drug in the targeted region. The uptake of
targeted NPs in fibroblasts was time dependent and saturated
at 6 h, with VEGF-activated pterygium fibroblasts showing an
increased uptake of MMC@MSNs-LDL compared to normal
fibroblasts with or without VEGF activation (Fig. 5C).
Furthermore, MMC@MSNSs-LDL played an effective antiproli-
ferative role in activated pterygium fibroblasts, with reduced
toxicity to normal fibroblasts when compared to traditional
MMC application (Fig. 5D). Therefore, LDL-mediated drug
delivery using MMC@MSNs-LDL have the effect of controlling

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A) Schematic illustration of MMC@MSNs-LDL preparation. (B)
Characterization of MMC@MSNs-LDL: (a) transmission electron
microscopy (TEM) image, bar = 200 nm; (b) scanning electron
microscopy (SEM) image, bar = 500 nm; (c) nitrogen adsorption—de-
sorption isotherm; (d) pore size distribution; and (e) diameter distri-
bution. (C) Uptake of Dil/FITC-labeled MMC@MSNs-LDL (10 ug mL™) by
PSFs and HSFs with or without VEGF (600 pg ml™Y) stimulation. (D) Cell
viability changes. Reproduced with permission.”* Copyright 2020,
Elsevier Inc.

pterygium recurrence. This targeted therapeutic approach may
also minimize the adverse effects associated with traditional
treatment methods, thereby highlighting the therapeutic
benefits of nano-antioxidant in the management of ocular
diseases.

2.3.2 Corneal neovascularization. Corneal neovasculariza-
tion (CNV) is an eye illness in which blood vessels develop
across the avascular cornea as a result of alkali burn, viral
infection, transplant rejection, or limbal stem cell insuffi-
ciency, eventually leading to corneal opacity, impaired vision,
and possibly blindness.”” Topical glucocorticoid eye drops,
non-steroidal anti-inflammatory medications, electro-coagu-
lation, and laser photocoagulation are the mainstays of con-
temporary CNV therapy. Unfortunately, ocular bleeding and
iris atrophy limit coagulation-based therapy. In addition, the
therapeutic benefits of pharmacological therapies are ineffec-
tive and only last a short time. Due to their higher biocompat-
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ibility, improved drug targeting and pharmacokinetics, NP-
based drug delivery methods are used more and more
extensively.

Zheng et al. investigated the potential of cerium oxide NPs
(CeNPs) as a nanodrug to inhibit CNV, which is associated
with ocular inflammation.”® First, they found that the particles
were spherical and on the scale of about 10 nanometers
(Fig. 6A). They evaluated the properties of Ce ions using X-ray
photoelectron spectroscopy spectra and found that Ce ions are
located in the trivalent and tetravalent multi-energy levels,
which are closely related to the antioxidant properties of Ce
NPs (Fig. 6B). Next, the researchers demonstrated that CeNPs
could effectively scavenge ROS and protect human corneal epi-
thelial cells from oxidative stress-induced cell death. They eval-
uated the effects of oxidized cerium on intracellular oxygen
free radicals induced by hydrogen peroxide and found excel-

(A)

(F) 20 pg/mL 80 pg/mL

3d o

7d

Fig. 6 (A) Representative high-resolution TEM images of CeNPs. (B)
X-ray photoelectron spectroscopy spectra of CeNPs. Peaks at 882, 898
and 916 eV are related to Ce**. The peak at 889 eV indicates the pres-
ence of Ce*. (C) Effects of oxidized cerium on intracellular oxygen free
radicals induced by hydrogen peroxide. Data were analysed using one-
way ANOVA, *p > 0.05, n = 3. (D) Migration assays. (E) The inhibitory
effect of CeNPs in the corneal neovascularization model. (F) Corneal
H&E staining to evaluate the therapeutic effect (200x). Reproduced with
permission.” Copyright 2019, The Royal Society of Chemistry.
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lent antioxidant properties (Fig. 6C). HUVEC cell tube for-
mation assay showed that CeNPs significantly inhibited the
proliferation of vascular epithelial cells, which verified their
ability to resist neovascularization (Fig. 6D). In addition,
in vivo studies using a CNV mouse model showed that CeNPs
significantly reduced neovascularization by preventing inflam-
matory cell infiltration and reducing proinflammatory cytokine
levels (Fig. 6E and F). Therefore, the antioxidative stress capa-
bilities of CeNPs may have a therapeutic effect in treating
ocular neovascularization linked to inflammation.

Pradhan et al. prepared a potential candidate for the pre-
vention of CNV using curcumin.”! The researchers prepared
and characterized MePEG-PCL NPs containing curcumin and
found that the NPs containing curcumin were more efficient
in preventing angiogenic sprouting compared to those without
curcumin. In vitro studies demonstrated that the prepared
nanodrug significantly reduced the viability and migration of
human umbilical vein endothelial cells (HUVECS) in a dose-
dependent manner. In vivo experiments on a rat model of CNV
showed that the topical application of CNPs significantly
reduced the area and length of blood vessels, as well as the
expression of pro-inflammatory cytokines and angiogenic
markers in the cornea. Topical delivery of curcumin NPs to the
eye showed enhanced retention of curcumin in the cornea and
a significant improvement in the prevention of corneal neovas-
cularization. The researchers also observed a suppression in
the expressions of VEGF, inflammatory cytokines, and MMP in
the treated cornea. Curcumin was found to inhibit NF«B in
LPS-induced corneal cells.

Gelatin/epigallocatechin-3-gallate (EGCG) as a natural com-
ponent of green tea has long been used for research because
of its anti-inflammatory and antioxidant activities.”> Miyagawa
et al. formulated an eye drop incorporating EGCG NPs for CNV
therapy.”® They assembled EGCG and gelatin into NPs and
then loaded RGD (arginine-glycine-aspartic)-modified HA
onto the surface to form nano-eye drops (Fig. 7A). The success-
ful synthesis of NPs with a spherical shape was verified by
atomic force microscopy images (Fig. 7B). First, they evaluated
the performance of the nano-eye drops in vitro. The western
blot results showed that GEH-RGD NP treatment reduced
endothelial tube formation and suppressed the activities of
metalloproteinase (MMP)-2 and MMP-9 in HUVECs (Fig. 7C
and D). The inhibition of HUVEC cell tube formation indicated
that they had excellent anti-angiogenesis ability. Next, they
tested the therapeutic efficacy in an animal corneal neovascu-
larization model. Corneal neovascularization was induced by
the attachment of sodium hydroxide to the central region of
the cornea. In vivo experiments demonstrated that topical
administration of GEH-RGD NPs could dramatically reduce the
growth of diseased blood vessels in mouse corneas (Fig. 7E).
H&E staining also showed that the GEH-RGD group had the
least inflammatory cell infiltration and a more complete recov-
ery compared with the other control groups (Fig. 7F). Vascular
endothelial growth factor (VEGF) and MMP-9 are usually
highly expressed in the microenvironment of neovasculariza-
tion. In cauterized corneas treated with GEH-RGD NPs, the
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Histological assessment of corneal sections after different treatments.
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cauterized cornea. The corneas were harvested and homogenized and
the protein levels of (G) VEGF and (F) MMP-9 were assayed by ELISA.
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levels of VEGF and MMP-9 protein were significantly lower
than the control group (Fig. 7G), which may be due to their
antioxidant and anti-inflammatory effects to alleviate local
inflammation.

Zhu et al. recently reported a biocompatible shell with
excellent antioxidant and anti-vascularity prepared by the co-
assembly of EGCG and Cu(n).”” After loading glucose oxidase
(GOx) inside the shell, it was modified with a DPA-Zn dimer to
co-transport vascular endothelial growth factor (VEGF) small
interfering RNA (VEGF-siRNA). At the same time, the cell
membrane modified with RGD peptides improved the target-
ing and biocompatibility of angiogenesis. They cleverly
exploited the targeting of the eye drop and the internal GOx
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lowering the local pH by consuming glucose, resulting in the
release of EGCE and VEGF-siRNA. The results show that nano-
drugs exert synergistic antioxidant and anti-vascular effects by
down-regulating the expression of differentiation cluster 31
and VEGF through the combined antioxidant/gene effects,
thereby significantly reducing angiogenesis and inhibiting
CNV formation. Compared with the traditional single treat-
ment, the multifunctional eye drops achieved a simple and
efficient combination therapy of gene therapy and antioxidant
therapy. This will provide new guiding significance for clinical
treatment and research development.

2.3.3 Keratoconus. Keratoconus (KC) is a progressive
corneal ectasia and a bilateral disorder in which alternations in
the structure and function of the cornea depend on its pro-
gression.”® It is characterized by central corneal stromal thinning,
which results in the cornea’s natural shape being deformed.”®
ROS play a key role in KC progression. An in vitro study demon-
strated that the patients have higher levels of ROS of corneal
fibroblasts, like superoxide®® and nitrate peroxides.®’ They are
normally involved in a variety of cytotoxic effects including DNA
damage and induction of apoptosis.*> DNA damage was also
observed in KC patients and it may affect mtDNA and oxidative
phosphorylation processes. mtDNA damage is roughly the same
as described above and the abnormal oxidative phosphorylation
process is mainly due to the change of the oxidative phosphoryl-
ation protein structure, which may lead to a large amount of ATP
synthesis and an increase of ROS formation, which further leads
to oxidative damage.®® Collectively, excessive ROS production
interferes with antioxidant defense mechanisms and mitochon-
drial dysfunction may contribute to the pathogenesis of KC.

Singh et al. discussed a potential therapeutic use of lacto-
ferrin in KC.** Lactoferrin (LF) is an iron-binding glycoprotein
that influences the innate and adaptive immune responses.
The LF structure shares 60% of its similarity with other iron-
transporting protein members and is connected to a wide
range of biological processes in the human body, including
antitumor activity, antioxidant activity, antimicrobial activity,
cell proliferation, differentiation regulation, and antibacterial
activity.®® It is categorized as an iron chelator as a member of
the transferrin family due to its ability to bind Fe** ions.
Chelation might therefore be an effective strategy for treating
inflammatory illnesses by eliminating free iron and reducing
redox reactions. LF has been shown to promote corneal epi-
thelial wound healing. By promoting changes in humoral and
cellular components and inducing extracellular and intracellu-
lar signaling pathways involving toll-like receptors (TLRS), LF
may affect both innate and adaptive responses of the immune
system. Various nano-formulations of lactoferrin were devel-
oped to enhance its therapeutic efficacy, including lactoferrin-
loaded NPs, liposomes, and hydrogels. It is reported that LF
NPs significantly improve bioavailability and permeability, and
their ability to cross the blood-retinal barrier makes them
potential therapeutic agents for retinal and corneal diseases.
Therefore, lactoferrin and its nano-formulations could poten-
tially be used as a therapeutic strategy for KC, although further
research is needed to fully understand their efficacy and safety.
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3 Posterior eye diseases

In recent decades, great progress has been made in the treat-
ment of ocular surface diseases by improving the dosage form
of nanomedicine.?® Topical administration, such as eye drops,
is the most commonly used treatment for ocular surface dis-
eases. However, the time of contact between the drug and the
eye surface is limited, and the corneal epithelium and the
blood-aqueous humor barrier also limit the drug from enter-
ing the eye. At present, the commonly used treatment for pos-
terior eye diseases is periocular injection or intravitreal injec-
tion. The drug is injected directly into the posterior tissue of
the eye to overcome the complex physiological barriers such as
the blood, retina, choroid, and sclera. Although this strategy is
effective to some extent, injection not only causes pain and
reduces patient compliance, but also may be accompanied by
many complications such as cataract and retinal detach-
ment.?” Due to the special physiological role of the retina,
which is the area of high mitochondrial metabolism, the oxi-
dative stress in the posterior part of the eye is more obvious
than that in other parts due to the high amount of ROS pro-
duction accompanied by visual production. Therefore, a drug
delivery system with sustained release, strong penetration and
a long retention time in the eye is needed to improve the thera-
peutic efficacy of posterior segment diseases. Advances in
nanotechnology have made it possible to overcome eye-related
barriers. Nano-drug delivery systems have shown the following
advantages that make them potentially applicable to these dis-
eases: (1) improved drug efficacy, stability and biocompatibil-
ity; (2) better penetration may allow drugs to reach the pos-
terior segment of the eye by non-invasive means (e.g., eye
drops and transdermal delivery); and (3) the retention time
prolonged so that the drugs could stay in the target area for a
long time to reduce the frequency of administration, especially
injection. In this section, we summarized the pathological cor-
relation between oxidative stress and posterior eye diseases
and illustrated how antioxidant nanomedicines exert their
functions in posterior eye disease treatment with representa-
tive examples.

3.1 Diabetic cataract

Diabetic cataract (DC) is one of the major causes of blindness
in diabetic patients. Hyperglycemia can cause ocular patho-
logical damage including retinal capillary basement mem-
brane thickening, tissue ischemia, and lens protein degener-
ation. Lens protein degeneration and opacity are the main
causes of vision loss in cataract patients and oxidative stress is
an important pathological factor in the progression of DC.*®
The degree of membrane lipid peroxidation and the amount of
ROS in DC patients are much higher than those in normal
people. Lipid peroxidation caused by free radicals is the initial
mechanism leading to the occurrence of DC. It can affect the
permeability of the cell membrane and further change its
internal composition and cell configuration, leading to the
loss of protein function. ROS also promote the decrease of the
solubility of crystallin and stimulate the formation of aggrega-

Nanoscale, 2024,16, 7307-7322 | 7315


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00611a

Open Access Article. Published on 11 Mac 2024. Downloaded on 13/02/2026 8:15:37 PTG.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

tions® and induce the down-regulation of Na-K-ATPase in the
lens epithelial cell membrane, causing the retention of water
and sodium. At the moment, surgical is the mainstream treat-
ment because almost no effective drugs could be used. The
operation is relatively complicated and has related compli-
cations such as posterior capsular opacification, increased
intraocular pressure, and corneal edema.

CeO, NPs have been shown to be a promising biomaterial
with catalytic properties in redox reactions. Zhou et al. coated
CeO, NPs with PEG-PLGA to develop self-regenerating redox
NPs (PCNPs) against oxidative stress in lens epithelial cells
(Fig. 8A).°° Glycosylation can lead to lens aggregation and
eventually lens opacity. Oxidative stress caused by excessive
ROS is undoubtedly an important mitigation of glycosylation.
Based on this, they developed PCNPs with antioxidant capacity
and self-regenerating redox properties, which can be applied
to combat lens’ oxidative stress. They first characterized PCNPs
and found that the size of CeO, was about 5 nm and formed
spherical aggregates of about 200 nm when loaded with
PEG-PLGA (Fig. 8B and C). Confocal microscopy observation
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showed that the ROS levels were significantly reduced in the
PCNP-treated group compared with other control groups,
demonstrating their excellent antioxidant capacity (Fig. 8D).
Subsequently, the safety of PCNPs was tested. The results
showed that PCNPs had no obvious inflammation and patho-
logical abnormalities in conjunctiva and other tissues and
organs. Then, the sustained release properties of the nano-
medicine in animals were tested. After labeling with Cy5.5, the
ocular pharmacokinetics found that the administered drug
rapidly enriched in the eye and remained for more than 20
days (Fig. 8F). Glycosylation is one of the important pathologi-
cal mechanisms of cataract. In an STZ-induced rat diabetic cat-
aract model, a high concentration of PCNPs presented an
excellent therapeutic effect (Fig. 8G). Compared with the other
control groups, the corneal edema of the high concentration
PCNP group basically disappeared. Histological examination
also confirmed that PCNPs had a significant protective effect
on the lens of the diabetic rat. Therefore, in addition to acting
as an antioxidant to protect lens epithelial cells from oxidative
stress based on the repeated elimination of ROS, PCNPs may
also function as a glycation inhibitor to prevent crystallin gly-
cation and crosslinking.

Yang et al. also reported that Ce NPs loaded with meso-
porous silica (CeCl;@mSiO,) could reduce oxidative stress in
lens epithelial cells and delay the progression of DC.”' The
in vivo experimental results showed that CeCl;@mSiO, could
not only significantly abolish hyperglucose-mediated advanced
glycation end products, lipid peroxidation, but also upregulate
protein carbonylation in animal lenses, and finally effectively
slowing the DC progress. Therefore, Ce NPs are worthy of
further investigation as a potential nanocarrier for DC
management.

3.2 Age-related macular degeneration

Age-related macular degeneration (AMD) is characterized by
structural changes in the macular area. The main manifes-
tations are that the ability of retinal pigment epithelial cells to
phagocytose and digest the outer segment disc membrane of
the optic cell is decreased and the incompletely digested disc
membrane remains retained in the protoplasm of the basal
cell, and then discharged to the outside of the cell and de-
posited in Bruch’s membrane.?® Although the cornea and lens
absorb most of the UV light, a small amount of UV light can
still reach the retina, and this continuous oxidative damage
plays an important role in the pathogenesis of retina-related
eye diseases. ROSs are usually produced in large quantities in
highly metabolic mitochondria.”® The retina is made up of ten
layers, with the internal limiting membrane being the inner-
most layer and the retinal pigment epithelium (RPE) being the
outermost layer. To generate and transmit visually evoked
potential signals, the retina must maintain a high metabolic
rate and retinal tissue cells experience higher levels of oxi-
dative stress than other tissues. The retinal pigment epi-
thelium maintains the normal function of the retina. In RPE
cells, oxidative stress induces inflammation, autophagic cell
death, and apoptosis, resulting in an impaired retinal and
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optic nerve function. There are a number of studies that
hypothesize or demonstrate that the pathogenesis of AMD
begins in RPE cells.”* Oxidative stress-induced RPE and chor-
iocapillaris damage are associated with AMD.*®

Melanin is a natural component widely present in the body
such as retinal pigment epithelium cells and is considered as
a potential free radical scavenger and antioxidant.”® With the
increase of age, the protective effect of melanin is gradually
weakened and the pathogenesis of AMD is closely related to it.
Kwon et al. designed a therapeutic strategy for the replenish-
ment of melanin using PEGylated synthetic melanin-like NPs
(MNPs) in the RPE for the treatment of AMD.” They syn-
thesized MNPs with thiol-terminated methoxy polyethylene
glycol (mPEG-SH) attached to the NPs to improve the stability.
MNPs could target mitochondria-specific ROS and had excel-
lent ROS scavenging ability. Mitochondrial ROS can overflow
into mitochondria when the balance is broken, while MNPs
are only found in the cytoplasmic matrix, not in the mitochon-
dria and nucleus. MNPs were only found in the RPE and
retina, indicating that MNPs had good targeting properties.
Subsequently, in vivo experiments showed that MNP treatment
significantly alleviated photodamage, reduced inflammation
caused by ROS, and reduced the thickness of neovasculariza-
tion, demonstrating that MNPs can be used as a natural anti-
oxidant defense platform for AMD therapy.

In recent years, the water solubility and biocompatibility of
CNPs have been improved by the modification of polyhydroxy
compounds such as chitosan, glucose and heparin, and a
variety of multifunctional antioxidants with anti-oxidation and
anti-neovascularization properties have been developed. Mitra
et al. developed GCCNPs encapsulated with biocompatible
ethylene glycol chitosan (GC) to construct a robust antioxidant
system (Fig. 9A).°® They observed by TEM that they successfully
synthesized nanoparticles at ultra-small scales (Fig. 9B). In
order to verify the self-regeneration ability of GCCNPs, they
incubated the drug with the NPs and continuously added
hydrogen peroxide. The results showed that the NPs had long
lasting antioxidant ability. The toxicity of GCCNPs on ARPE19
cells was assessed by the MTT assay and the NPs were found to
have almost no effect on cell viability at low concentrations
(<1 pM). At 10 uM concentration, 80% of the cells survived on
the third and fourth days, proving that GCCNPs were less
toxic. GCCNPs also inhibited H,0,-induced EC migration and
tube formation in vitro and pro-angiogenic VEGF, oxidative
marker protein (4-HNE adduct), and chemokine CXCR4 recep-
tor expressions. After that, they explored the inhibition of
corneal neovascularization in a laser-induced AMD model.
Compared with the control group, GCCNPs significantly
reduced the area of neovascularization in the fundus (Fig. 9C).
It was also found that GCCNPs tend to accumulate at the laser-
induced AMD lesion, proving that they had good targeting
ability.

3.3 Glaucoma

Glaucoma is another common disease of the posterior eye
associated with the optic nerve which is characterized by a
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Fig. 9 (A) Schematic illustration of the synthesis of GCCNPs. (B)
Representative  transmission electron microscopy image. (C)
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Reproduced with permission.®® Copyright 2017, American Chemical
Society.

specific structural change in the head of the optic nerve, as
well as progressive damage to the visual field. The loss of
retinal ganglion cells (RGCs) and their axons, leading to an
excavated optic nerve head and related vision field abnormal-
ities, characterizes a heterogeneous collection of illnesses.
Although increased intraocular pressure is the major risk for
glaucoma, other related factors such as increased glutamate
levels,” vascular changes'®® and oxidative damage are also
independent risk factors. According to Alvarado et al,'®" the
progressive loss of trabecular meshwork (TM) cellularity in
glaucoma patients may be attributed to the long-term effects
of oxidative damage caused by free radicals. This hypothesis
has been supported by experimental studies conducted con-
tinuously.'®> Sacca et al. demonstrated in vivo that both IOP
increase and visual field damage are significantly related to
the amount of oxidative DNA damage.'® Furthermore, Izzotti
et al. demonstrated that oxidative DNA damage is significantly
more abundant in glaucoma patientss TM cells than in
unaffected controls.'® These results all suggest that oxidative
stress plays an important role in the pathogenesis of
glaucoma.

RGCs and their axons damage are a leading cause of irre-
versible blindness of Glaucoma. However, the existing drugs
can hardly enter the retina and have a short residence time.
Rong et al. developed a drug carrier polymer that responds to
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the glaucomatous milieu and is distinguished by the presence
of thioketal linkages, a 1,4-dithione unit in the main chain for
reducing ROS, and pendant cholesterols for specifically target-
ing cell membranes (Fig. 10).'® This polymer was used to
create NPs that contained the necrostatin-1 necroptosis inhibi-
tor (designated as NP1). In an acute pathological glaucoma-
tous damage model, NP1 with higher biosafety could scavenge
ROS in RGCs both in vitro and in vivo. In addition, it was dis-
covered that NP1 successfully inhibited the activation of the
necroptosis pathway, hence lowering the mortality of RGCs.
The results of this study provide an excellent illustration of the
potential for using nano-antioxidants to cure glaucoma.

4 Other eye diseases

Commonly, the onset and development of many eye diseases
are multifactorial. For eye diseases such as trauma and bac-
terial keratitis, anti-inflammatory and antioxidant treatments
are necessary to restore tissue normality and promote wound
healing. Multifunctional nano-antioxidants may have advan-
tages over conventional multi-drug treatment at the same time
in large doses for a long time. Therefore, Lei et al. fabricated a
novel nano-phytochemical ophthalmic eye drop DG-PAL to
promote corneal wound healing. In the previous work, the
authors found that HMGB1 signaling plays an important role
in the development of diabetic keratopathy, and when this
signal is inhibited, the treatment outcome could be improved.
The FDA-approved drug glycyrrhizin is a common HMGBI1-
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Fig. 10 Schematic illustration of the design of NPs and mechanisms of
the protection of RGCs. Reproduced with permission.!°> Copyright
2022, American Chemical Society.
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specific inhibitor in clinical use. Since it was authorized for
use as an anti-inflammatory drug, dipotassium glycyrrhizinate
(DG), a dipotassium salt of glycyrrhizin with high aqueous
solubility, has been widely used in clinical practice. Palmatine
(PAL) is a natural phytochemical with pharmacological pro-
perties that include strong antioxidant and anti-inflammatory
properties. However, low water solubility and poor per-
meability limit the use of PAL. The authors prepared DG-PAL
nano-eye drops by encapsuling PAL with DG and the results
showed that the solubility and the corneal permeability were
significantly improved. At the same time, corneal re-epitheliali-
zation and nerve regeneration were assessed as two key assess-
ment indices in the efficacy evaluation experiment. Both
corneal re-epithelialization and nerve regeneration were sig-
nificantly sped up by the DG-PAL ophthalmic solution.
DG-PAL has an excellent promoting effect on corneal epi-
thelial/nerve wound healing in both healthy and diabetic mice
models, demonstrating that DG-PAL is a novel marked
improvement of corneal wound healing."*®

Mesenchymal stem cell-derived exosomes (mExo) have
attracted more and more attention due to their anti-inflamma-
tory and repair promoting mechanisms, due to some key pro-
teins such as CD73, Wnt4, etc. mExo is also frequently used in
eye therapy to regulate autoimmune uveitis, promote wound
healing, and inhibit neovascularization. Ascorbic acid (AA) has
significant biosafety and may efficiently maintain the balance
of free radicals in the human body by scavenging ROS or pro-
ducing stable molecules when reacting with ROS. Ma and co-
workers reported on the development and application of an
innovative eye drop containing AA-coupled mExo (mExo@AA)
for the treatment of DES.'%” In order to create mExo@AA, gold
NPs (AuNPs) were in situ-deposited onto the exosomal phos-
pholipid membrane. The results from both in vitro and in vivo
experiments showed that mExo@AA reduced DED through a
variety of mechanisms, including healing ocular surface
damage, scavenging ROS, and lowering inflammation.

5 Summary and prospects

Traditional ophthalmic preparations such as eye drops have their
disadvantages such as low bioavailability, frequent use of drugs,
poor permeability, and ineffectiveness in the treatment of pos-
terior eye diseases due to rapid clearance by the eye. For posterior
ocular diseases, intravitreal injection of drugs has a certain thera-
peutic effect on overcoming the ocular barrier, but the high risk
of surgery, various complications and adverse reactions bring
great challenges to the treatment of the disease.

To address these challenges, scientists are actively exploring
various nanomedicines and the advancements in nanotechno-
logy in ophthalmology hold great promise. Emerging trends
such as long-acting drug delivery systems and combination
therapies offer new possibilities for the treatment of eye dis-
eases that may potentially preserve vision and enhance
patients’ quality of life. New nano-antioxidants are a revolu-
tionary breakthrough in the field of nanomedicine for eye

This journal is © The Royal Society of Chemistry 2024
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disease therapy. These nano-formulated antioxidants have the
advantages of traditional nanomedicine such as improved
drug delivery precision, reduced toxicity and enhanced thera-
peutic efficacy. At the same time, some nanocarriers them-
selves have strong antioxidant effects and synergize to produce
antioxidant effects while loading therapeutic drugs. By target-
ing oxidative stress, which plays a pivotal role in various eye
diseases, nano-antioxidants can help in mitigating cellular
damage and inflammation, offering potential treatments for
conditions like AMD, glaucoma, and diabetic retinopathy.
They also hold the promise of preventing ocular damage and
vision loss, improving the quality of life for patients.
Therefore, nano-antioxidants are bound to bring new and
powerful prospects for ophthalmology.

At present, a large number of ophthalmic nano-agents are
being tested in clinical trials and marketed. For example, on
April 11, 2023, the phase II study and two phase III studies of
APP13007 in the United States reached clinical end points.
APP13007 is an anti-inflammatory and analgesic nano-suspen-
sion eye drop. Its unique nano-preparation process effectively
solves the low bioavailability and safety risks caused by the low
water solubility of the product. However, the nano delivery
system has its unresolved issues, such as poor stability, low
drug loading, excipient irritation, and incomplete drug release.
Although nano-antioxidants require further studies to optimize
formulations and to evaluate the long-term safety and efficacy in
clinical settings, we can still expect increasingly personalized and
novel approaches to control eye problems as nano-antioxidants
develop. It can be solved from the following aspects: (1) broad
clinical medication scope, ophthalmic delivery of other clinical
agents that have not yet been used for ophthalmic treatment
could be attempted; (2) increase the retention time of eye drops,
improving the drug dosage form can delay the time of drug
release, enhance the adhesion of the drug to the targeted area,
reduce the frequency of administration, and increase the concen-
tration of the drug; (3) improve the penetration of drugs, the drug
could administered simply by eye drops to avoid invasive
methods of administration such as injections; and (4) improve
therapeutic efficacy and achieve multi-function. Photodynamic,
sonodynamic, gene therapy, gas therapy and other advanced
methods can be combined to achieve multifunction efficient
treatment. These improvements are anticipated to include tai-
lored treatments that address the specific oxidative stress profiles
of individual patients and have the potential to broaden the
scope of ocular health care. The development of non-invasive
nano-antioxidant delivery systems will further improve the
efficacy of ophthalmic treatment. We look forward to more
research studies and clinical translations to make a contribution
to the eye diseases in the world!
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