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Nanotechnology has been developed rapidly in recent decades and widely
applied in ocular disease therapy. Nano-drug delivery systems overcome the
bottlenecks of current ophthalmic drug delivery and are characterized with
strong biocompatibility, stability, efficiency, sustainability, controllability, and
few side effects. Nanoparticles have been identified as a promising and
generally safe ophthalmic drug-delivery system based on the toxicity
assessment in animals. Previous studies have found that common
nanoparticles can be toxic to the cornea, conjunctiva, and retina under
certain conditions. Because of the species differences between humans and
animals, advanced in vitro cell culture techniques, such as human organoids,
can mimic the human organism to a certain extent, bringing nanoparticle
toxicity assessment to a new stage. This review summarizes the advanced
application of nanoparticles in ocular drug delivery and the potential toxicity, as
well as some of the current challenges and future opportunities in
nanotoxicological evaluation.
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1 Introduction

After decades of development, nanotechnology has been widely used in physics, computer
science, biomedicine, and engineering. Among them, biomedicine including nano-delivery
systems is an important field of nanotechnology (Bayda, Adeel et al., 2019). Different types of
nanoparticles (NPs) have been synthesized for drug delivery due to their more specific
targeting, higher stability, better efficacy, and lower side effects compared with conventional
drug delivery (Erdogar, Akkin et al,, 2018; Alshawwa, Kassem et al., 2022).

The human eye is a complex organ with intricate anatomical and physiological
barriers including the blood-atrial fluid barrier and the blood-retinal barrier, which
prevent most of the drugs from reaching the retina, making them much less effective
(Zhang | et al, 2021). Recently, the development of nano-delivery systems has been
proven to overcome the ocular drug delivery barriers (Peng, Kuang et al., 2022) and
improve biocompatibility, stability, efficiency, sustainability, and controllability (Gote,
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Sikder et al.,, 2019; Qamar, Qizilbash et al., 2019; Begines, Ortiz
et al,, 2020; Durgun, Gungor et al., 2020) Nano-drug delivery
systems are also considered to be superior to conventional drug
therapy in the anterior and posterior segment of the eyes (Yadav,
Rajpurohit et al., 2019; Jumelle, Gholizadeh et al., 2020;
Kambhampati, Bhutto et al., 2021; Li Q et al., 2021). NPs for
drug delivery are mainly classified into organic and inorganic
NPs (Zhang J et al., 2021). Organic NPs mainly include polymer
NPs, nanomicells, liposomes, quantum dots, nanoemulsion, and
hybridized NPs; while inorganic NPs mainly include silica NPs,
gold NPs, and carbon nanotubes. In addition, NPs are
characterized with strong stability and high light-scattering
ability, which can be used in optical coherence tomography
(OCT) to improve the early detection and diagnosis of eye
diseases (Chen, Si et al., 2021).

Previous studies also showed the application of NPs in ocular
diseases, such as cerium oxide NPs for aged-related macular
degeneration (AMD), gold NPs for uveitis and AMD, and sliver
NPs for fungal keratitis (Pereira, Petronilho et al, 2012; Tisi,
Passacantando et al.,, 2019; Singh R et al,, 2020; Shi, Ding et al,
2021). Given NPs possess anti-oxidative stress, anti-inflammatory,
anti-angiogenic, and anti-bacterial effects, and their strong
permeability and biocompatibility, NPs have been applied in
ocular disease treatment (Chan C. M. et al, 2019; Tisi,
Passacantando et al, 2019; Zheng, Fang et al, 2019; Gharpure,
Akash et al.,, 2020).

When NPs are used, they tend to be detained in the ocular
surface, vitreous cavity, and retinal region, resulting in possible
ocular toxicity (Kamaleddin 2017). The toxicity of NPs to humans
depends on exposure routes and the features of the NPs (Najahi-
Missaoui, Arnold et al,, 2020). The eye is a superficial organ and
extremely sensitive to external NP toxicity (Zhu, Gong et al,, 2019).
Moreover, some studies have shown that NPs could enter the body
and pass through the blood circulation, causing toxicity in the brain,
liver, kidney, and reproductive system (Gupta and Xie 2018). The
toxic mechanisms are mainly involved in cellular oxidative stress,
mitochondrial damage, chromosome aberration, lipid peroxidation,
DNA damage, and cell cycle alteration (Gupta and Xie 2018; Wang
R et al, 2018). Furthermore, the size, shape, surface charge, and
coating of NPs are closely associated with their toxicity (Kamaleddin
2017; Najahi-Missaoui, Arnold et al., 2020). For example, 15 nm
gold NPs exerted more toxicity to liver cells than 60 nm gold NPs
(Enea, Pereira et al,, 2021). Therefore, it is necessary to clarify the
ocular toxicity of NPs which are used in ophthalmology.

2 Nanoparticle application in ocular
diseases
2.1 Carriers for ophthalmic drugs

The eye is divided anatomically into the anterior segment,
which contains cornea, iris, conjunctiva, ciliary body, anterior
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chamber, lens, and aqueous humor; and the posterior segment,
which contains sclera, choroid, vitreous humor, and retina
(Madni, Rahem et al, 2017). Due to the microenvironment
and physiological structures, such as the blood-retinal barrier,
blood-aqueous, and corneal barrier, a safe and effective treatment
modality has been a matter of inquiry (Awwad, Mohamed
Ahmed et al,, 2017; Janagam, Wu et al,, 2017; Madni, Rahem
et al, 2017; Nayak and Misra 2018; Cabrera, Wang et al., 2019).
Since invasive treatment modalities such as intravitreal injection
and subretinal injection, caused frequent complications include
infection, non-invasive treatment has been widely designed
(Madni, Rahem et al.,, 2017; Nayak and Misra 2018; Cabrera,
Wang et al., 2019).

Topical administration through eye drops cannot easily
permeate through the corresponding structures and reach the
target tissue (Jumelle, Gholizadeh et al., 2020). The concentration
of topical administration is extremely low due to the dilution of
tears and drainage from the lacrimal duct, leading to the short
duration of action of eye drops. Thus topical administration of
ocular therapeutics requires frequent administration to avoid
high-concentration drugs caused side effects on local tissues
(Diebold and Calonge 2010; Jumelle, Gholizadeh et al., 2020;
Schnichels, Hurst et al, 2020). NPs have been designed to
increase the bioavailability of the delivered drugs and
provided sustained drug release (Diebold and Calonge 2010;
Janagam, Wu et al, 2017; Kang-Mieler, Dosmar et al., 2017;
Madni, Rahem et al., 2017; Gholizadeh, Wang et al., 2021).
Currently, the delivery system of NPs focuses on how to
improve the bioavailability, targeting, stability, penetrability,
and controllability of drugs (Diebold and Calonge 2010;
Madni, Rahem et al., 2017; Srinivasarao, Lohiya et al., 2019).
Nanomedicine carriers, such as polymer NPs (Imperiale, Acosta
et al., 2018; Begines, Ortiz et al., 2020; Swetledge, Jung et al,,
2021), nanomicelles (Grimaudo, Pescina et al, 2019; Durgun,
Giingor et al,, 2020), liposomes (Khosa, Reddi et al, 2018;
Bhattacharjee, Das et al, 2019), quantum dots (Santana,
Mansur et al, 2020), nanoemulsion (Singh M et al, 2020),
and inorganic NPs (Masse et al, 2019a; Luo, Nguyen et al,
2020) have been developed and widely used in ophthalmic
anterior and posterior segment diseases (Figure 1) (Vaneev,
Tikhomirova et al., 2021; Wang R et al., 2021)

2.1.1 Organic nanoparticles
2.1.1.1 Polymer nanoparticles

There are two main types of polymer NPs, natural and
synthetic ones. Natural polymers include chitosan, hyaluronic
acid, sodium alginate, and carboxymethylcellulose sodium;
and synthetic polymers include poly(lactic-co-glycolic acid),
poly(e-caprolactone), and poly(ethylene glycol) (Lynch,
Kondiah et al., 2019). At present, some medicine for the
retina fails to work as expected due to the physical and
chemical properties of the drugs and the special anatomical
structure of the eye. For example, sirolimus (SIR) is effective

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931759

Yang et al. 10.3389/fmolb.2022.931759
@ Drug delivery
o2
'@ 0D, B
X 00 ®
SN
[ Y o
Nano-polymer Nanoemulsion Nanomicelles Quantum Dots
e ®g
A4 A 00 0;,°
<t < e 00 s 0
b oA A 000 %,
4.1 ° ..03 % N
0 g ®
Liposomes SiNPs/MSiNPs AuNPs Carbon nanotubes
@ Application
‘ B-1 Carriers for drugs . B-2 Auxiliary diagnosis
WR_
°o® 1 Dopamine
° ‘ Level
’F
e,
Higher resolution
Cell tracking Real-time monitoring
FIGURE 1

Nanotechnology-based strategies for treatment and diagnosis of ocular disease. (A) Drug delivery; The main nanoparticles currently being
investigated for drug delivery in ophthalmology are nano-polymer, liposomes, nanoemulsion, nanomicelles, quantum dots, (mesoporous) silica
nanoparticles (SiNPs/MSiNPs), gold nanoparticles (AuNPs) and carbon nanotubes. (B) Nanoparticles application in ocular diseases. B-1 Carriers for
drugs: There are currently three routes of drug delivery by nanocarriers, mainly eye drops, intravitreal injection, subconjunctival injection, and
systemic administration. B-2 Auxiliary diagnosis includes nanoparticles as a contrast agent to enhance the resolution of ophthalmic OCT and PAM
examinations, nanoparticles fused to cells can tracer transplanted cells in cell transplantation therapy, and nanoparticles allow real-time detection of

intracellular dopamine levels.

for AMD, while SIR cannot be successfully applied to clinical
treatment owing to the peculiar environment of the eye and/or
physiochemical profile of SIR. Therefore, SIR-loaded poly
acid) (PLGA) NPs
successfully, which were functionalized with chitosan and

(lactic-co-glycolic were generated

avoided invasive subretinal or vitreous injection by
noninvasive ocular surface drops (Suri, Neupane et al,
2021). It was demonstrated that resveratrol-loaded PLGA
NPs  with the

expression of vascular endothelial growth factor (VEGF) in

sustained-release  efficiency reduced
human retinal pigment epithelial (RPE) cells in the treatment
of AMD, avoided frequent invasive intravitreal injection, and

improved patient compliance (Bhatt, Fnu et al., 2020).
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In neovascular AMD, the conventional approach is vitreous
cavity injection of anti-angiogenic factor, while patients will
develop drug resistance. The application of trimethoprim for
anti-VEGF was limited by intraocular injection, which caused
side effects such as increased intraocular pressure and retinal
toxicity following local crystallization (Yu, Damico et al., 2006;
Sonmez and Ozturk 2012). Hydroxyl-terminated polyamidoamine
dendrimer-triamcinolone acetonide conjugate (D-TA) was used in
AMD rats (Kambhampati, Bhutto et al, 2021). A single
intravenous dose of 3 mg/kg was more effective than a 10-fold
dose of free triamcinolone acetonide in preventing choroidal
neovascularization (CNV). The NP drug carrier increases the
bioavailability of the drug and reduces the side effects.
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It was reported that hydroxypropyl methacrylamide-loaded
moxifloxacin copolymer NPs were effective in penetrating the
cornea in the treatment of bacterial keratitis (Ch, Mishra et al.,
2021). Moreover, they allowed for the sustained release of
moxifloxacin and increased the retention time in the eye.
Furthermore, Mahaling et al. used chitosan-coated poly-L-
lactide loaded with azithromycin and tretinoin to create dual-
loaded polymer NPs eye drops that reached the retina and
choroid and released drugs continuously for more than 300 h,
and produced both antibacterial and anti-inflammatory effects
(Mahaling, Baruah et al.,, 2021). The establishment of this dual
drug delivery system provides a promising trial for non-invasive
drug delivery in ophthalmic drug administration. In addition,
Pandit et al. investigated chitosan-coated PLGA NPs loaded with
bevacizumab in diabetic retina (DR) model (Pandit, Sultana et al.,
2021). The NPs loaded with bevacizumab were injected
showed that
bevacizumab loaded with this NP was more permeable and

subconjunctivally into the DR model. It

maintained higher concentrations in the retinal region than
bevacizumab alone. Moreover, the nano-drug carrier-loaded
bevacizumab lasted for up to 12 weeks, which is longer than
the present bevacizumab solution that is approved for
clinical use.

2.1.1.2 Nanomicelles

Nanomicelles are a core-shell self-assembled colloidal
dispersion with a particle size of 100 nm or less. It is easy to
synthesize the desired size and shape of nanomicelles with high
stability in an aqueous solution and high cell permeability.
Previous studies have shown that nanomicelle formulation
improved drug utilization in the eye (Bose, Roy Burman et al,
2021).
ophthalmology and easily causes complications, including
The
treatment for this type of disease is antibiotic treatment which

Bacterial keratitis is a common infection in

endophthalmitis and even blindness. conventional
usually results in antibiotic resistance. Hesperidin (Hes) is a
natural compound with strong antibacterial effects, while poor
water solubility limits its application (Zhang F et al, 2021). In
rabbit models of bacterial keratitis, Hes encapsulated in
dipotassium glycyrrhizate (DG-Hes) micelles enhanced the
ocular utilization of the drug, improving the antibacterial
effects (Zhang | et al, 2021). The successful production of
DG-Hes provides a new design for other ocular drugs and

improves the bioavailability of existing drugs.

2.1.1.3 Liposomes

Liposomes are spherical vesicles made from biocompatible
lipids that resemble cell membranes and have been used for
delivering hydrophobic and hydrophilic drugs because of their
high stability and permeability (Bhattacharjee, Das et al., 2019;
Lopez-Cano, Gonzalez-Cela-Casamayor et al., 2021). The tear
film is the interface between the ocular surface epithelium and
the external environment and is divided from the inside out into
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mucin, intermediate aqueous, and a lipid layer (Pflugfelder and
Stern 2020). Dysfunction of the lid gland causes tearing
evaporation due to the disruption of the lipid layer of the tear
film and usually leads to dry eye, one of the most common
diseases of the eye (Chan T. C. Y. et al,, 2019). The liposomes are
similar to the lipid layer of the tear film and can be applied in the
dry eye to restore the normal structure of the tear film (Lopez-
Cano, Gonzdlez-Cela-Casamayor et al., 2021). Endophthalmitis
is the most serious complication after cataract surgery (Liu,
Wilkins et al, 2017). Recently, Wong et al. conducted a
clinical trial on liposomes loaded with prednisolone phosphate
(Wong, Wong et al.,, 2022). They injected the NPs in a single
subconjunctival injection into patients after cataract surgery. It
showed that the NPs were effective in controlling postoperative
inflammation. As only five cases were involved in the trial, larger
sample size is required to confirm the effect of NPs.

In eye diseases of the posterior segment, ordinary liposomes
cannot cross anatomical and physiological barriers. Therefore,
liposomes modified by polyhydroxy compounds are
characterized with high stability and mobility and can be used
to deliver drugs to the posterior segment (Suri, Neupane et al,
2020). Moreover, liposomes encapsulated with ciprofloxacin
increased the bioavailability of ciprofloxacin (Feghhi, Sharif
Makhmalzadeh et al, 2020), which provides new technical
support for the treatment of endophthalmitis.

2.1.1.4 Quantum dots

Quantum dots are nanoscale semiconductor crystals with
excellent optical properties (Sarwat, Stapleton et al, 2019).
Santana et al. investigated the effect of quantum dot-coupled
bevacizumab on retinal neovascularization disease (Santana,
Mansur et al., 2020). It showed that the anti-vascular effect of
quantum dots coupled with bevacizumab was slightly lower than
that of bevacizumab alone due to the coupling rate, and the
inflammation in the retina was extinguished 28 days post-
treatment. No retinal damage was observed in the quantum
dots treated group. However, quantum dots may be deposited
in the retinal region, which might produce long-term toxicity. A
better characterization of quantum dots and the appropriate dose
of the drug is needed to be carried out in future studies.

2.1.1.5 Nanoemulsion

Nanoemulsion (NE) refers to a dispersed liquid with a
droplet size of 100 nm or less. NE can be used for ocular drug
delivery as it is transparent and has a long shelf life (Dhahir, Al-
Nima et al., 2021). It showed that NE equipped with cyclosporine
sustainably relieved symptoms of dry eyes (Singh M et al., 2020).
It demonstrated that the manufactured NEs could release the
drug continuously and the bovine corneal permeability of the two
nanoemulsions made could be 2.85 and 2.9 times that of the
control group (Mohammadi, Elahimehr et al., 2021). Ismail et al.
investigated the feasibility of NEs as a drug delivery vehicle for
travoprost in the treatment of glaucoma (Ismail, Nasr et al,
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2020). It indicated that the NEs containing travoprost were more
bioavailable and successfully prolonged the intraocular pressure
(IOP)-lowering effect of the drug compared to conventional
Travatan” eye drops. However, the long-term safety of this
NE formulation has not been evaluated and the duration of
its effects was unclear. These aspects should be studied in depth
in the future.

2.1.1.6 Hybridized nanoparticles

Recently, hybridized NPs are regarded as the next generation
of nanocarrier development (Mukherjee, Waters et al., 2019;
Ferreira Soares, Domingues et al., 2020; Mohanty, Uthaman
et al, 2020). For example, lipid polymer hybridized NPs
(LPHNPs) are formed using simultaneous self-assembly of
polymer NPs and liposomes (Mukherjee, Waters et al., 2019).
The core of such hybrid NP is a polymer that can encapsulate
drugs, the middle layer is composed of lipids, and the outer layer
is encapsulated by lipids and polyethylene glycol. This structure
maintains the overall stability during drug delivery, extends drug
efficacy, and maintains drug stability by preventing water
This lead to
developments for systemic ophthalmic drug application.

diffusion  through lipids. may certain
However, more preclinical studies are still needed to confirm
their function and biocompatibility. Organic-organic hybrid
NPs, inorganic-organic hybrid NPs, and smart conjugated
polymers are currently investigated for oral delivery of drugs
to provide sustained drug release (Ferreira Soares, Domingues
et al., 2020). Smart conjugated NPs, able to respond to pH,
temperature, etc., are designed to treat tumors, where the
temperature and pH around the tumor will be different from
those in the normal tissue. This also provides new sights into the

drug delivery for ocular diseases.

2.1.2 Inorganic nanoparticles
2.1.2.1 Silica nanoparticles

Mesoporous silica NPs are usually used as ocular drug
delivery vehicles due to their high specific surface area,
biocompatibility, and ease of production (Rodrigues, Campos
et al, 2020). It was reported that mesoporous silica NPs
encapsulated with bevacizumab increased the residence time
of the drug in the vitreous cavity and the anti-neovascular
2019).
Mesoporous silica NPs are hollow and have a high drug

efficiency of bevacizumab (Sun, Jiang et al,
loading capacity, which allows them to encapsulate drugs,
enhancing their efficacy. It has been reported that mesoporous
silica NPs functionalized with 3-aminopropyltriethoxysilane
(MSNAPTES) can achieve up to 7% tacrolimus loading
(Paiva, Andrade et al, 2021). It showed that vitreous cavity
injection of these NPs over 15days did not cause retinal
impairments, including electroretinogram (ERG) changes,
neovascularization, and retinal detachment. The delivery of
tacrolimus offers a strategy for drug delivery for the treatment
of ocular diseases. Wu et al. used low-density lipoprotein (LDL)-
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coupled mesoporous silica nanoparticles loaded with mitomycin
C (MMC) (MMC@MSNs-LDL) for the inhibition of pterygium
subconjunctival fibroblasts (Wu, Wang et al, 2020). MMC@
MSNs-LDL was found to target the delivery of MMCs to inhibit
abnormal proliferation. Moreover, these NPs exerted low toxicity
to normal retinal tissues, providing effective drug delivery in
ophthalmology. However, the long-term drug release and toxicity
were unclear in this study.

2.1.2.2 Gold nanoparticles

Gold NPs are widely used in ophthalmology because of their
high stability, biocompatibility, and modifiability (Masse et al,
2019b). Previous studies showed that 20 nm gold NPs could be
observed in all layers of the retinal structure after intravenous
injection in C57BL/6 mice, indicating that 20 nm gold NPs could
cross the blood-retinal barrier (Kim, Kim et al., 2009). This study
also showed that gold NPs did not cause damage to the retina.
Moreover, recent studies have shown that gold NPs made with
functionalized hyaluronic acid could cross anatomical barriers to
reach the retinal and choroidal regions (Apaolaza, Busch et al.,
20205 Laradji, Karakocak et al, 2021). The gold NPs possess
antioxidant and anti-angiogenic properties. By modifying with
hyaluronic acid, the gold NPs can cross the physiological barrier
of the eye and reach the retina. Once inside the human retina, the
hyaluronic acid-gold NPs can deliver relevant drugs to greatly
enhance the bioavailability of the drug and its potential
therapeutic effects.

2.1.2.3 Carbon nanotubes

Carbon nanotubes (CNTs) are the novel nanocarrier system
for the delivery of drugs. CNTs have been widely applied in drug
delivery, biosensing, and diagnosis due to their high surface area,
stability, and outstanding optical properties (Zare, Ahmadi et al.,
2021). The high specific surface area can increase the drug-
loading capacity. In addition, Demirci et al. indicated the ability
of CNTs
retinoblastoma mouse model (Demirci, Wang et al, 2020).

to penetrate tumors in an LHT transgenic
CNTs can infiltrate throughout the tumor body and act as
tumor imaging or drug carriers. However, CNTs also exhibit
poor water solubility and dispersion, low biodegradation, and
potential toxicity (Negri, Pacheco-Torres et al.,, 2020).

2.2 Ophthalmology assisted diagnosis

2.2.1 Increase the resolution of the image

The diagnostic application of NPs improves the precision of
early disease detection in ophthalmology (Scheive, Yazdani et al.,
2021). OCT is a common examination to obtain information
about the structure of the eye without an exogenous contrast
agent. Gold NPs are inert and can permeate through the blood-
retinal barrier, suggesting that they are stable and can reach
multiple layers of the retina (Chen, Si et al., 2021). Gold NP was
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used as a contrast agent when performing OCT to improve
sensitivity (Figure 1) (Chen, Si et al., 2021) The photoacoustic
effect, high scattering, and localized surface plasmon resonance
(LSPR) of gold NPs make them backscattering enhancers for
OCT and photoacoustic imaging (PAI) (Chen, Si et al., 2021).
Nguyen et al. proved that gold NPs could enhance imaging in
photoacoustic microscopy (PAM) and OCT (Nguyen, Li et al,
2019). Polyethylene glycol-modified gold NPs (20 nm particle
size) were injected into rabbits for PAM and OCT, showing that
the signal of PAM was enhanced by 81% and that of OCT by 45%,
leading to a clearer visualization of fine vasculature. OCT and
PAM are important adjunctive examinations in ophthalmology.
The use of NPs enhances the clarity of these ancillary
examinations, allowing to detect subtle changes in the retina
in the diagnosis and treatment of ophthalmic disease.

2.2.2 Auxiliary cell localization

It was reported that NPs can be modified to target the retina
and choroid, improving the diagnostic targeting (Haunberger
and Goepferich 2019). Gold NPs were used to label the
transplanted cells in the retina to track the grafted cells for at
least 1 month with high-resolution images (Figure 1) (Chemla,
Betzer et al,, 2019). Superparamagnetic iron oxide NPs were used
to label photoreceptor precursors in cell transplantation therapy
(Ma, Lim et al,, 2019). NPs were used to label the corresponding
cells giving insights into the location and number of cells. In cell
transplantation, this labeling technique may hold the potential
for tracking the distribution of cells after transplantation.
However, it is important to assess the toxic effects of metal
NPs before applying them.

2.2.3 Others

The modification of NPs enables their functions to be
expanded. The surface modification of gold NPs with
N-butylboronic acid-2-mercaptoethylamine and
N-hydroxysuccinimide ester makes it possible to direct
detection of dopamine levels in living cells, which will provide
insights into the mechanism of myopia and its treatment
(Figure 1) (Ren, Zhang et al., 2021). This assay can reveal the
body’s condition in real-time at the cellular level and contribute
to assessing the effectiveness of treatment. Other modifications of
NPs will also enable the detection of many other biomolecules in
the eye, which will expand the diagnostic approach to

ophthalmology.

3 The function of nanoparticles in
ocular disease treatment

Previous studies have shown that NPs exert anti-oxidative
stress, anti-inflammatory, anti-angiogenic and anti-bacterial
effects (Chan C. M. et al, 2019; Tisi, Passacantando et al.,
2019; Zheng, Fang et al., 2019; Gharpure, Akash et al., 2020).
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For instance, cerium oxide NPs are applied for AMD, gold NPs
for uveitis and AMD, and sliver NPs for fungal keratitis (Pereira,
Petronilho et al.,, 2012; Tisi, Passacantando et al., 2019; Singh R
et al,, 20205 Shi, Ding et al., 2021). Next, we present an overview
of these NPs according to their function.

3.1 Antioxidation (oxidative stress-related
eye diseases)

Reactive oxygen species (ROS) is a general term for highly
active compounds, including superoxide, hydrogen peroxide,
and ozone. When the overproduction of ROS, oxidative stress
could cause damage to the body (Ung, Pattamatta et al.,, 2017).
Oxidative stress is an important pathophysiology event in ocular
diseases, including the dry eye (Dogru, Kojima et al, 2018),
glaucoma (Pinazo-Duran, Shoaie-Nia et al, 2018), diabetic
cataract (Obrosova, Chung et al, 2010), AMD (Coleman,
Chan et al, 2008; Tisi, Feligioni et al, 2021), and retinitis
Mérida et 2018).
summarize the recent applications of NPs with anti-oxidative

pigmentosa (Moreno, al.,, Here, we
stress effects in these diseases.

Dry eye (DE) is a common ocular surface disease, mainly
caused by the instability of tear film and increased oxidative stress
injury (Dogru, Kojima et al,, 2018). A study on primary mouse
corneal and conjunctival cells revealed that glycol chitosan
cerium oxide NPs (GCCNP) with a concentration of 1 or
10 uM  ameliorated oxidative stress induced by hydrogen
peroxide (Yu, Zheng et al., 2019). This improvement mainly
resulted from reduced cellular production of ROS, upregulated
superoxide dismutase (SOD), and increased mitochondrial
membrane potential. In addition, it was found that GCCNP
(10 uM) promoted cell migration in the DE model and increased
the tear volume after GCCNP treatment. Thus, GCCNP may be a
viable treatment for DE. Another study found that grape seed
polyphenol NPs (GSP-NPs) in the concentration of 0.5 mg/kg
could efficiently reduce the oxidative stress level and the
apoptosis of the corneal epithelial cells and conjunctival goblet
cells of the DE mice model (Wang T et al., 2021). It suggests that
reducing ROS production and oxidative stress levels showed
great potential in the prevention or treatment of DE. However,
the pathogenesis of DE is complex and also related to immune
factors in the body, as well as impaired secretion of the lacrimal
gland (Clayton 2018). More effort needs to be put into
deciphering the wunderlying mechanism before clinical
application.

Glaucoma is an irreversible blinding eye disease, and
oxidative stress is also an important pathogenic mechanism of
glaucoma (Pinazo-Duran, Shoaie-Nia et al, 2018). Primary
open-angle glaucoma (POAG) is one of the leading causes of
irreversible blindness and is related to the decrease of antioxidant
enzyme levels in ocular tissues, which is closely associated with

the overproduction of ROS (Erdurmus, Yagcr et al, 2011;
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Baudouin, Kolko et al., 2021). In vitro and in vivo studies
indicated that the nano eye drops, which were composed of
chitosan and ZM241385, were functionalized onto surfaces of
hollow ceria NPs (hCeNPs) and loaded with pilocarpine, could
open corneal epithelial tight junctions and delivered drug
molecules to the ciliary body with the strong anti-oxidant
activities and effective in the treatment of glaucoma (Luo,
Nguyen et al, 2020). A slow-release nanosuspension SA-9 NP
was designed and synthesized, and tested in a dexamethasone-
induced ocular hypertensive (OHT) mice model, showing that
eye drops of SA-9 NPs significantly lowered IOP (61%) at 3 h
post-dose, with the effect lasting up to 72 h (Amankwa, Gondi
et al, 2021). It indicates that this novel thiol-containing hybrid
antioxidant-nitric oxide donor small molecule is a promising
strategy for glaucoma therapy. However, glaucoma is mainly
caused by atrial circulation disorders, and the accumulation of
large-sized NPs may block the trabecular network, causing atrial
circulation disorders and aggravating glaucoma.

Diabetic cataract (DC) is also a common disease resulting
from oxidative and nitrosative stress (Obrosova, Chung et al.,
2010). CeCl;@mSiO, NP eye drops were used in the treatment of
DC rat model by streptozotocin intraperitoneal injection (Yang,
Gong et al, 2017). The study showed that CeCl;@mSiO, NPs
increased the level of glutathione, decreased the level of
malondialdehyde,
upregulation of advanced glycation end products, lipid

and abrogated hyperglycemia-mediated
peroxidation, and protein carbonylation in the animal lens,
delaying the progression of diabetic cataracts. Moreover, the
activity of glutathione peroxidase (GPx), superoxide dismutase
(SOD), and glucose-6-phosophate dehydrogenase (G6PD) was
improved after CeCl;@mSiO, NP treatment. CeO,-NPs coated
with PEG-PLGA (PCNPs) were confirmed to have a stronger
antioxidant capacity in lens epithelial cells than CeCl; NPs alone
(Zhou, Lietal., 2019). The data showed that 0.5-2 mg/ml PCNPs
worked not only effectively inhibited ROS generation in lens
epithelial cells, but also acted as glycation inhibitors, which
effectively restrained a-crystallin glycation and crosslinking,
thereby keeping the lens transparent and alleviating DC.
Another human lens epithelial cells in vitro study showed that
Ce0,-NPs could simulate the effect of catalase in cells and
improve the ratio of glutathione in cells (Hanafy, Cave et al,
2020). Thus, CeO,-NPs can protect the lens epithelial cells from
oxidative stress caused by hydrogen peroxide, which delayed the
development of cataracts (Hanafy, Cave et al., 2021). These data
indicated that NPs may be effective in delaying the onset of
cataracts. Nevertheless, the etiology of DC is also closely
associated with hyperglycemia; thus, blood glucose control
should also be considered during the clinical application of
these NPs.

AMD is a disease of progressive loss of central vision
(Mitchell, Liew et al., 2018). The number of people with
AMD is expected to reach 400 million worldwide by 2040
(Mitchell, Liew et al., 2018). The chronic oxidative injury was
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reported to promote the progress of the AMD (Lem, Davey et al.,
2021). Thus, antioxidants are a potential treatment modality for
AMD. The CeO,-NPs were injected intravitreally into albino rats
before being exposed to light damage, showing that CeO,-NPs
could cross the retina, were detected in the retinal pigment
epithelium, and restore retinal function by inhibiting oxidative
stress and reducing microglia activation (Tisi, Passacantando
etal, 2019). Similarly, Tisi’s group also observed that CeO,-NPs
were intravitreally injected 3 days before acute light damage
(mimic features of AMD), preventing RPE cell death and
Flati et 2020).
Moreover, the epithelial-mesenchymal transition of RPE cells
was inhibited by CeO,-NPs. Therefore, CeO,-NPs might provide
a new direction for the clinical treatment of AMD. To date, most

degeneration in a rat model (Tisi, al,,

of these studies are conducted based on vitreous cavity injections
of NPs, which would also be the ones that bring side effects like
those of common drug treatments. Future modification of NPs or
the use of nano-drug delivery systems will address this issue of
the current research.

3.2 Anti-inflammation (inflammation-
related eye diseases)

The prevalence of chronic inflammatory diseases has
gradually increased in recent decades. Non-steroidal anti-
(NSAIDs)
exhibited various side effects (Jogpal, Sanduja et al., 2022).
Metal and metal oxide NPs, such as gold NPs, silver NPs, and
titanium dioxide NPs, exert anti-inflammatory effects
Nakara et 2019).
important risk factor for ocular diseases, such as uveitis
(Tsirouki, Dastiridou et al., 2018). Gold NPs are topically
applied in endotoxin-induced uveitis in rats and can decrease

inflammatory drugs were widely used but

(Agarwal, al., Inflammation is an

intraocular inflammation by downregulating the TLR4-NF-
kB pathway (Pereira, Petronilho et al,, 2012). Additionally,
curcumin (CUR) in double-headed
polyester NPs using gambogic acid (GA)-coupled PLGA.
Orally administered PLGA-GA2-CUR in canine models of
lens-induced uveitis caused notable aqueous humor CUR

was encapsulated

levels and was comparable to the clinical effects of anti-
inflammatory medications commonly used in the clinic
(Ganugula, Arora et al., 2020). The NPs can improve the
availability of CUR and reduce the side effects caused by the
administration of NSAIDs to the body (Ganugula, Arora etal.,
2020). Another in vitro study found that hypoxia-induced
inflammatory responses in RPE cells could be inhibited by
selenium NPs (SeNPs) (Ozkaya, Naziroglu et al., 2021). The
anti-inflammatory mechanism is based on the fact that SeNPs
inhibit the TRPM2 pathway and downregulate the expression
of TNF-a and IL-1f cytokines. This study indicated that the
use of SeNPs is a potential way to prevent or treat retinal
inflammation caused by hypoxia. Corneal neovascularization-
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related diseases are also associated with inflammation. CeO,-
NPs were used in a rat model of inflammation-associated
that CeO,-NPs
decreased the levels of inflammation (Zheng, Fang et al,

corneal neovascularization, showing
2019). Different NPs produce anti-inflammatory effects that
might be mediated by different cellular pathways. Thus,
understanding the cellular pathways through which NPs act
could be helpful for their application. However, most NPs are
associated with metals, so the concentration and duration of

action need to be considered in further studies.

3.3 Anti-angiogenesis (angiogenesis-
related eye diseases)

The neovascular AMD, caused by CNV into the photoreceptor
layer, can be effectively treated with anti-VEGF (Ambati and Fowler
2012). Current anti-VEGF therapy still facing the challenge of
therapeutic instability and potential damage to surrounding
tissues (Singh R et al, 2020). Previous studies have shown that
gold NPs exhibited anti-angiogenic (Mukherjee,
Bhattacharya et al, 2005) and could pass through the blood-
retinal barrier when injected intravenously (Kim, Kim et al,

effects

2009). Compared with the control group (CNV model mice were
injected with PBS), the lesion area of CNV decreased significantly in
CNV model mice after gold NP injection (Singh R et al., 2020).
Meanwhile, the fluorescein leakage in the lesion area also decreased,
demonstrating the antiangiogenic effect of gold NPs. In vitro study
revealed that the antiangiogenic effect of gold NPs was mediated by
inhibiting the Akt/eNOS signaling pathway (Chan C. M. et al,
2019). Proliferative diabetic retinopathy is closely associated with
retinal neovascularization (Cheung, Mitchell et al., 2010). A previous
study showed that 500 nM silver NPs via subcutaneous injection
inhibited retinal vascular regeneration in mice by downregulating
the PIK3/Akt pathway (Kalishwaralal, Barathmanikanth et al,
2010).

Zhao et al (Zhao, Gui et al,, 2022) found that graphene
quantum dots (average particle size of 3.6 nm) inhibited the
proliferation and cell migration of human umbilical vein
endothelial the
retinopathy (OIR) model, graphene quantum dots were

cells in wvitro. In oxygen-induced
effective in ameliorating pathological angiogenesis. This
antiangiogenic effect was mediated by inhibition of the
STAT3-periostin signaling pathway. Graphene quantum
dots NPs

neovascularization diseases. The small particle size of non-

are a potential treatment for retinal
metallic NPs may have higher permeability and potentially
therapeutic effects compared to metallic NPs. Further
comparison of the effects of these emerging graphene
quantum dots and metal NPs on retinal neovascular disease
is needed. Biocompatibility, therapeutic efficacy, cost of
production, and difficulty of fabrication also should be

considered to find more suitable therapeutic NPs.
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3.4 Antibiotic action (microbial-related
eye diseases)

The overuse of antibiotics can lead to the emergence of drug-
resistant strains, prompting the development of new antibacterial
agents. Therefore, the antibacterial activity of some NPs was
expected to be used in medicine (Javed, Ain et al., 2022). Metal
and metal oxide NPs have been gradually recognized as the next
generation of antimicrobial agents (Raghunath and Perumal
2017; 2020).
conventional antibiotics, metal and metal oxide NPs avoid the

Gharpure, Akash et al, Compared with
emergence of drug-resistant strains to a certain extent
(Raghunath and Perumal 2017). The antimicrobial effect of
NPs was exerted by direct disruption of cytoderm, enzymes,
and nucleic acids, rather than the inhibition of cytoderm, RNA
folate
mechanisms of common antibiotics (Raghunath and Perumal
2017).

Sliver microspheres (AgMPs), synthesized using bovine

polymerase, metabolism, and protein synthesis

serum albumin and H,0,, at 16ug/ml, could -effectively
combat Candida smooth wound infections and were used as
an ocular surface drop candidate to treat fungal keratitis (Shi,
Ding et al., 2021). AgMPs showed nontoxic effects on corneal
epithelial cells when the concentration was below 25 ug/ml. Zinc
oxide NPs (ZnO-NPs) are widely used in the biomedical field and
have been extensively applied for antibacterial (Singh, Sharma
et al,, 2021). It was found that the antibacterial activity of ZnO-
NPs against Escherichia coli and Staphylococcus aureus was
similar to that of levofloxacin, a commonly used broad-
spectrum antibiotic (He, Li et al, 2022). ZnO-NPs are
considerable antibacterial agents for contact lenses to reduce
the risk of infection from wear (Shayani Rad, Sabeti et al., 2020).
It was reported that titanium dioxide NPs catalyzed by UV light
can effectively inhibit methicillin-resistant Staphylococcus aureus
(MRSA) (Javed, Ain et al, 2022). However, the antibacterial
activity is based on the photocatalytic activity of the NPs
themselves, which may not work in ophthalmology. Moreover,
studies have shown that chitosan NPs exhibited excellent drug
delivery capabilities and antibacterial capabilities, including
resistance to bacteria, fungi, and other food-borne
microorganisms (Divya, Smitha et al, 2018; MubarakAli,
2018; 2019).

Currently, the treatment of fungal keratitis is still a clinical

LewisOscar et al., Rozman, Tong et al,

challenge (Sharma, Bagga et al, 2022). The improved

penetrability of NPs could be applied to fungal keratitis.

4 Toxic effects of nanoparticles on
eyes

The toxic effects of NPs on major organs, such as the

respiratory tract, lung, liver, brain, kidney, skin, and immune
system have been investigated in recent years (Ray, Yu et al,
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FIGURE 2

Potential ocular toxicity of nanoparticle and its mechanism.
Nanoparticles (inner ring) include gold nanoparticles (AuNPs),
silver nanoparticles (AgNPs), copper nanoparticles (CuNPs),
cerium oxide nanoparticles (CeO,NPs), titanium dioxide
nanoparticles (TiO,NPs), zinc oxide nanoparticles (ZNnONPs),
silicon dioxide nanoparticles (SiNPs), and other nanoparticles exert
potential ocular toxicity (core). These ocular toxicities are mainly
associated with dry eye, retinal disease, abnormal retinal
development, and lens vacuolation. The main mechanisms of
toxicity (outer ring) include mitochondrial damage, oxidative
stress, chromosomal aberration, DNA damage, cell cycle arrest,
and lipid peroxidation. These damages eventually lead to
apoptosis.

@Z%

2009; Zhu, Gong et al., 2019). The eye has a certain protective
barrier (Zhu, Gong et al., 2019), while NPs with small particle
sizes can penetrate the ocular surface barrier and reach the deep
part of the eye (Aratjo, Garcia et al., 2012). Therefore, NPs could
cause cytotoxicity and systemic immune responses at the ocular
surface, lens, retina, and even the optic nerve and macula
(Figure 2) (Zhu, Gong et al,, 2019) In this section, the ocular
toxicity of different NPs was reviewed.

4.1 Effect of organic nanoparticles on
the eye

4.1.1 Polymer nanoparticles

As mentioned above, polymeric NPs are widely used in drug
delivery. Therefore, their toxicity assessment is necessary.
Chitosan NPs were previously studied for ocular surface
toxicity by Enriquez et al. (Enriquez de Salamanca, Diebold
et al,, 2006). They found that chitosan NPs could be absorbed
by the conjunctiva and corneal epithelium within 2 h, but did not
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cause inflammation of the ocular surface. However, the exposure
time in this study was short and the effects of long-term exposure
to NPs should be observed. The toxicity of polycaprolactone
(PCL), PLGA, and PEGylated PLGA (PEG-PLGA) was studied
by Lin et al. (Lin, Yue et al., 2016) using the ARPE-19 cell line and
the human retinal vascular endothelial progenitor cell models. It
was found that PEG-PLGA did not exert toxicity, while both PCL
and PLGA exhibited toxic effects. Further study revealed that
PEG-PLGA NPs were detected in the mitochondria, lysosomes,
and endoplasmic reticulum after co-culturing for 24 h. The data
indicated that lower cytotoxicity of PEG-PLGA was found
compared with PLGA. Consistently, Chittasupho et al
evaluated the retinal toxicity of hyaluronic acid-encapsulated
PLGA (HA-PLGA) NPs (Chittasupho, Posritong et al., 2018).
HA-PLGA NPs exerted nontoxicity to RPE cells. This suggests
that the surface modification of the NPs might reduce their
toxicity.

4.1.2 Nanomicelles

Previously, the ocular toxicity of methoxy poly(ethylene
glycol)-poly(e-caprolactone)  (MPEG-PCL)
evaluated by Xu et al. (Xu, Xu et al, 2013). Human corneal
epithelial cells, human lens epithelial cells, and RPE cells were
exposed to MPEG-PCL. The results showed that the activity of
the human corneal epithelial cells, human lens epithelial cells,

micelles  was

and RPE cells were not affected when the concentration of the
nanomicelles was less than 2 mg/ml. MPEG-PCL was intravitreal
injected into rabbit eyes, which did not cause damage to the
cornea and retina at a concentration of less than 200 mg/ml. The
intraocular distribution of the micelles and their long-term
exposure toxicity are needed in further study.

4.1.3 Liposomes

In 1994, Gariano et al. investigated the toxicity of
1994).
The retinal examination was conducted after vitreous cavity

liposomes to the rabbit retina (Gariano, Assil et al.,

injection of liposomes by fundoscopy and ERG, showing that
liposomes exerted nontoxic effects on the retina. Similarly, the
ocular toxicity of liposomes was also evaluated by Abud et al.
(Abud, Louzada et al., 2019). Cellular activity and TUNEL
assays were performed after ARPE-19 and human retinal
progenitor cell exposure to liposomes. The results showed
that liposomes did not cause cytotoxicity. Next, liposomes did
not cause retinal inflammation or vitreous turbidity after
liposome injection. A recent study on the ocular toxicity of
liposomes was carried out by Salas et al. (Salas-Ambrosio,
2021). They assessed the subacute
toxicity of subconjunctival and vitreous cavity injections of
New Zealand rabbits,
histopathological and biochemical analyses. However, no

Bernad-Bernad et al,
liposomes in by metabolic,
significant differences were observed compared to the

control group. These results suggest that liposomes may be
a safe vehicle for ocular drug delivery. However, long-term
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toxicity assessments are still needed to clarify the potential for
clinical applicability.

4.1.4 Quantum dots

Previously, the toxicity assessment of CdSe/ZnS quantum
dots in the cornea was studied by Kuo et al. (Kuo, Lee et al., 2011).
Quantum dots can penetrate and be retained in the cornea when
the epithelial barrier was compromised. The viability of corneal
stromal cells was reduced by 50% after being exposed to lower
concentrations (5-20 nM) for 24-48h in vitro. However,
quantum dots could remain in the corneas of mice for up to
26 days. The long residence time of heavy metals may cause
damage to the cornea. Therefore, long-term toxicity assessments
are needed in further study. The safety of CdSe quantum dots was
also investigated by Jackson et al. (Jackson, Mandava et al., 2021).
The results showed that quantum dots can maintain and improve
visual acuity in patients with retinitis pigmentosa. However,
quantum dots did not cause damage to the retina. This may
be caused by the surface modification accomplished by coating
ZnS onto the CdSe quantum dots.

4.1.5 Nanoemulsion

Recently, Samimi et al. evaluated the ocular toxicology of
fluconazole NE in situ gel formulations (Samimi, Mahboobian
et al., 2021). The data showed that unloaded NE formulations at
concentrations greater than 1% caused a 26% decrease in cell
viability when RPE cells were co-cultured for 24 h. Nontoxic
effect on cell viability was found at concentrations of 0.1 and
0.5%. The hen’s egg test-chorioallantoic membrane (HET-CAM)
test was also carried out, showing that the fluconazole NE
formulation did not cause an irritation response. The Draize
irritation test on rabbits” eyes showed the score was zero, while
the conjunctival redness in one rabbit’s eye gradually disappeared
after 1 h of eye drops. However, the long-term safety of NEs was
not evaluated in this study.

4.2 Effect of inorganic nanoparticles on
the eye

4.2.1 Gold nanoparticles

Gold NPs can be used as diagnostic and therapeutic tools for
vision defects (Masse et al., 2019a). Soderstjerna et al. evaluated
the toxicity of gold NPs on the mouse retina (Soderstjerna, Bauer
et al, 2014). In this study, 20 and 80 nm gold NPs caused
oxidative stress and apoptotic damage to retinal cells at low
concentrations (0.4 ug/ml 80 nm NPs and 0.0065 pg/ml 20 nm
NPs). In addition, obvious neurotoxicity including the toxicity to
photoreceptors and the activation of glial cells was observed,
which will lead to visual impairment or even blindness.
Moreover, toxic effects of NPs on the embryonic development
of zebrafish were also observed (Kim, Zaikova et al., 2013). N, N,
N-trimethylammoniumethanethiol-functionalized gold NPs
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caused  abnormal development as  well as

eye
hyperpigmentation in zebrafish. In vitro study of RPE cells,
the toxicity of gold NPs was closely related to their shape,
size, and concentration as well as surface area (Karakocak,
Raliya et al, 2016). On the contrary, the histological and
electrophysiological assessment of the retina revealed nontoxic
effects on retinal integrity and function after intravitreal
injections of 160-nm-sized gold nanodisks at a concentration
of 10 p.m. in mice (Song, Wi et al., 2017). Earlier studies also
found nontoxic effects on the retina and optic nerve in rabbits
within 1 month of intravitreal injection of gold NPs at a
concentration of 67 and 670 pm/0.1 ml (Bakri, Pulido et al,
2008). This inconsistency may be caused by 1) the different
exposed models used; 2) the functionalization of gold NPs and
the positive charge on the surface; 3) the particle size, shape, and
These data indicated that the
characteristic of the NPs plays an important role in the
toxicity of the NPs.

concentration of the NPs.

4.2.2 Silver nanoparticles

Silver NPs have been widely used for anti-inflammatory,
antibacterial, antiviral, and anticancer action. However, silver
NPs also exhibit genotoxicity, neurotoxicity, and cytotoxicity
(Choudhary, Singh et al., 2022). It was reported that exposure to
16.7 nm silver NPs at 100 pg/ml produced toxic effects on the
corneal cells of rabbits (Lee and Park 2019). Exposure to 0.4 mg/L
silver NPs did not affect the retinal development of zebrafish
embryos, but caused abnormalities in the development of the lens
as illustrated by visible vacuoles, and down-regulated expression
of some lens genes and protein (Zhang et al., 2018b). Previous
studies have demonstrated that silver NPs caused damage to
humans as illustrated by DNA damage, chromosome aberration,
and cell cycle arrest even at low concentrations (AshaRani et al.,
2009). Moreover, silver NPs exerted toxic effects on ARPE-19
cells in a dose-dependent manner after exposure to 0.2, 1, 5, 25,
and 125 pg/ml silver NPs solution for 24 h. The cytotoxicity was
mainly manifested by the overproduction of ROS, increased
Gl phase cells, and mitochondrial apoptosis (Quan, Gao
et al,, 2020). In our surrounding environment, ionic silver will
be released from products and can be adsorbed on mesoporous
silica NPs (Chen, Zhu et al,, 2020). In our previous study, the
toxicity of silver-loaded mesoporous silica NPs on human
epithelial cells
mesoporous silica NPs not only mediated alterations in the
MAPK pathway, but also altered the mRNA surveillance
signaling pathway leading to genotoxicity (Chen, Zhu et al,
2020).

corneal was evaluated and found that

4.2.3 Copper nanoparticles

Copper NPs (CuNPs) have been used in chemical synthesis,
biotechnology, antimicrobial agents, agricultural production,
cancer treatment and diagnosis (Ameh and Sayes 2019;
Pohanka 2019; Naikoo, Al-Mashali et al., 2021). However, the
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toxicity of CuNPs should be taken into account. As previous
of
3-13 mg/kg of CuNPs to female rats for 14 days revealed a

studies have shown, intraperitoneal administration
reduction in uterine weight and activation of Caspases 3, 8,
and 9, as well as BCL-2 and Bax, resulting in oxidative stress and
apoptotic events (Pohanka 2019). During pregnancy, NPs can
easily cross the placental barrier and impact fetal retinal
development (Dugershaw, Aengenheister et al., 2020; Wang
and  Wang 2020). The study found that CuNPs, at
concentrations of 0.15 mg/L, 0.25 mg/L, 0.5 mg/L, and 1 mg/L,
can lead to abnormal eye development of zebrafish embryos in a
dose-dependent manner (Zhang et al., 2018a). It was further
found that the developmental defects in the zebrafish embryonic
retina from CuNPs exposure were caused by the upregulation of
endoplasmic reticulum stress and ROS, mediating embryonic cell

apoptosis (Zhao, Sun et al,, 2020).

4.2.4 Cerium oxide nanoparticles

Ce0,-NPs, as described above, have excellent antioxidant
stress effects and have been shown to reduce photoinduced
retinal degeneration. However, a recent study has shown that
Ce0,-NPs exerted toxic effects on human RPE cells (Ma, Li et al.,
2021). The study showed that 15nm CeO,-NPs at the
concentration of 25 ug/ml reduced the viability of ARPE-19
cells, induced excessive ROS production, and caused
mitochondrial dysfunction (Ma, Li et al., 2021). In addition,
the toxicity of CeO,-NPs coated with modified ethylene glycol
(EGCNPs) on human lens epithelial cells also was evaluated by
Hanafy et al. (Hanafy, Cave et al,, 2020). The data showed that
EGCNPs concentrations of 200 pg/ml did not cause toxicity to
human lens epithelial cells. However, concentrations of greater
than 400 pg/ml induced excessive production of ROS, which
mediated mitochondrial damage and triggered apoptosis.
However, previously, Pierscionek et al. found that 5 and
10 pug/ml of CeO,-NPs did not cause significant toxicity to the
human lens epithelial cells (Pierscionek, Li et al., 2010). Their
subsequent study also found that CeO,-NPs with a particle size of
54nm at concentrations of below 100 pg/ml did not cause
toxicity to human lens epithelial cells when exposed for 48 h
(Pierscionek, Li et al,, 2012). The differences could be caused by

the exposure time and levels and the particle size of CeO,-NPs.

4.2.5 Titanium oxide nanoparticles

Titanium dioxide NPs are widely used in industrial and
medical applications, including pesticide and fertilizer NPs,
bio-imaging, drug delivery, and antibacterial (Javed, Ain et al,
2022). The eyes are easily exposed to titanium dioxide NPs. It was
found that titanium dioxide NPs induced apoptosis of
endothelial cells and increased the proportion of cells in the
G2/M phase after primary mouse corneal endothelial cells were
exposed to 25 pg/ml for 24 h(Yang, Liu et al,, 2021). Combined
with the in vivo experiments of titanium dioxide NPs, the study
showed that the titanium dioxide NPs induced cytotoxicity
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associated with Nrf2/ARE and its
downstream y-GCS target genes, functional protein ZO-1, and
Na-K-ATPase (Yang, Liu et al,, 2021). In addition, studies have
explored the retinal toxicity of TiO,-NPs (Chan, Liao et al,

2021). The vitreous cavity injection of titanium dioxide NPs into

signaling  pathway

C57BL/6 mice disrupted the internal blood-retinal barrier,
induced thinned thickness of the inner nuclear layer,
increased the thickness of the outer nuclear layer, and
decreased the amplitude of the a-wave in the ERG (Chan,
Liao et al.,, 2021).

4.2.6 Zinc oxide nanoparticles

ZnO-NPs have been applied in the medical, cosmetic, and
chemical fields, but previous studies have proved their
neurotoxicity and immunotoxicity (Keerthana and Kumar
2020). It was shown that 141 nm, 25ug/ml ZnO-NPs
effects rabbit
evidenced by decreased viability,

exerted toxic on Statens Seruminstitut

keratocytes as cell
excessive ROS production, increased expression of Bax and
TNF-a genes, and decreased expression of Bcl-2 genes (Lee
and Park 2019). In a toxicity study on human corneal
epithelial cells and conjunctival epithelial cells, 100 nm,
12.5 ug/ml ZnO-NPs produced cytotoxic effects (Li X et al,
2022). They also found that at a concentration of 100 pg/ml,
ZnO-NPs would cause excessive production of ROS, induced
mitochondrial damage and apoptosis, and inhibited the
expression of SIRT1, a factor critical for cell survival in
oxidative stress. In addition, other studies found that ZnO-
NPs of 10-35nm disrupted the
mitochondrial membrane potential of mouse photoreceptor
cells (661w), reduced ATP levels, induced the release of
cytochrome C, generated excess ROS, enhanced apoptosis,

with particle sizes

promoted Caspase 3 and Bax expression, and inhibited the
expression of Bcl-2 (Wang L et al., 2018).

4.2.7 Silica nanoparticles

Mesoporous silica NPs are promising drug carriers (Sun,
Jiang et al., 2019). Our previous study found that the toxicity
of 100 pg/ml of 80 nm mesoporous silica NPs on human
corneal epithelial cells was presented by apoptosis,
oxidative stress, and DNA damage, which were mainly
mediated by PI3K-Akt and MAPK signaling pathway
(Chen, Zhu et al, 2020). After human corneal epithelial
cells were exposed to silica NPs for 48 h, the production of
intracellular ROS was increased in a dose-dependent manner
(Park, Jeong et al., 2016). In a toxicity assay of silica NPs on
trabecular meshwork cells, a slight increase was observed in
lactose dehydrogenase at a particle size of 50 nm and a
concentration of 100 pg/ml for 48 h. However, the actin
skeleton and morphology of the cells remained intact, and
no increase in ROS was observed. The same silica NPs injected
into rabbit eyes did not present inflammation, edema, acute or

chronic toxic effects (Kim, Park et al., 2021).
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4.2.8 Carbon nanoparticles

Carbon NPs mainly include carbon nanotubes, fullerenes,
graphene, graphene oxide, and reduced graphene oxide.
Carbon nanotubes are classified into single-walled carbon
nanotubes (SWCNTSs) and multi-walled carbon nanotubes
(MWCNTs). Kishore et al. found that two different sizes of
carbon nanotubes (MWCNT1:5-8 um in length with an
outside diameter of 140 + 30nm and inside diameter of
3-8 nm; MWCNT2: 1-10 pm in length with an outside
diameter of 10-15nm and inside diameter of 2-6 nm)
damaged rabbit eyes as illustrated by reversible conjunctival
reddening and effusion (Kishore et al., 2009). A zero-irritation
score was found in the eye irritation assay (Hen Egg Chorion
Allantoic Membrane test). Consistently, Ema et al
investigated the irritating effects of two single-walled
carbon nanotubes and two multi-walled carbon nanotubes
on rabbit eyes (Ema, Matsuda et al., 2011). The results showed
that only one type of multi-walled carbon nanotubes caused
slight reversible conjunctival congestion, the others were non-
irritating to the eyes.

Aoshima et al. conducted experiments on the stimulation of
rabbit eyes by high-purity fullerenes (Aoshima, Saitoh et al,, 2009).
Slight irritation was observed within 24 h, mainly in the form of
redness of the conjunctiva and defective corneal epithelium in the
rabbit eyes, while these symptoms disappeared after 2 days. The data
indicated that irritation was caused by the contact of insoluble high-
purity fullerenes with the eye. Ema et al. also performed an acute eye
irritation experiment with fullerenes (Ema, Matsuda et al., 2013).
The results proved that fullerenes caused conjunctival congestion at
1 h, but not at 24 h. No corneal clouding and iris abnormalities were
found after fullerene exposure. Their results suggest that short-term
fullerene exposure causes minimal ocular toxicity, but the
assessment of long-term fullerene ocular exposure is lacking and
further experiments may be needed.

Our previous studies have shown that graphene oxide NP
exposure caused toxicity to human primary corneal epithelial
cells and human conjunctival epithelial cells in a dose- and
time-dependent manner (Wu, Yan et al, 2016). In vivo
experiments, graphene oxide did not cause toxicity to
rabbit eyes, but short-term repeated exposure caused
reversible corneal clouding, conjunctival redness, and
corneal epithelial damage in Sprague-Dawley rats.
Similarly, An et al. conducted in vivo and in vitro ocular
toxicity studies with graphene oxide and reduced graphene
oxide (An, Zhang et al,, 2018). They found that a high
concentration (100 ug/ml) of reduced graphene oxide
exposure for 7 days did not cause eye toxicity in mice. In
contrast, graphene oxide exposure caused significant
intraocular inflammation, corneal cell apoptosis, iris
neovascularization production, and apoptosis of corneal
epidermal cells in mice.
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5 Challenge and future

Despite immense progress in the toxicity assessment of NPs,
limited studies proved their effects on human health. The safety
evaluation of NPs has not been conducted sufficiently.

5.1 Chronic nanoparticles toxicology

Human exposure to NPs from natural and anthropogenic
sources is inevitable. Therefore, it is necessary to clarify the
potential acute or chronic adverse effects of NPs on humans
upon constant exposure (Najahi-Missaoui, Arnold et al., 2020). It
has been widely accepted that dissolution plays an important role
in metallic NP toxicity. Thus, the residence time, transport, and
metabolism (biotransformation) of NPs in the body are closely
associated with NP toxicity. Animal models with chronic diseases
are sensitive to NPs with low levels (Chrishtop, Prilepskii et al.,
2021). Assessing the toxicity of NPs in models with chronic
diseases could be better to simulate the real environment state.
Therefore, the appropriate dosage of NPs needed to be
considered in patients suffering from chronic disease.

5.2 The human 3D model

Growing evidence has shown the potential adverse effects of
NPs from cellular and animal models, while the general questions
of nanotoxicology are far from being resolved. Conventional two-
dimensional (2D) cell cultures can not recapitulate cell-cell
interactions, animal models, and fully reflect human
physiological processes due to species differences (Liu, Lin
et al., 2020). Recently, with the rapid development of stem cell
technology, stem cell-derived human organoids have been used
for drug discovery, chemical toxicity, and safety in vitro
assessment (Li M et al, 2021; Zeng, Li et al, 2021; Li et al,
2022a; Li et al., 2022b). Compared with 2D models, 3D organoid
models are more suitable for comprehensively representing in
vivo physiological microenvironments and cellular interactions
(Azhdarzadeh, Saei et al., 2015; Prasad, Kumar et al., 2021). The
development of highly adaptable microphysiological systems can
provide a more physiological tissue and organ model for
nanotoxicological assessment (Ashammakhi, Darabi et al,
2020). Previous 3D microphysiological systems have been
developed in the brain, skin, thyroid system, lung,
cardiovascular system, liver, kidney, intestine, and spinal cord
(Fritsche, Haarmann-Stemmann et al., 2021; Nuciforo and Heim
2021; Lee, Shin et al, 2022). Microphysiological systems
combined with engineering strategies could comprehensively
monitor the cell responses in real-time under toxic stress and
provide a longer lifespan for chronic toxicity studies.
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5.3 Evaluation of developmental toxicity

Pregnant women are easily exposed to NPs through inhalation,
ingestion, and dermal contact. It is well known that NPs could cross
the placenta, thus prenatal exposure may cause embryonic
developmental toxicity (Aengenheister, Favaro et al, 2021).
Therefore, it is necessary to investigate the embryonic
developmental toxicity of NPs. However, there are few studies
focused on fetal developmental exposure. Although previous
studies reported the effects of NPs on the development of
zebrafish embryos (Lacave, Retuerto et al, 2016) and mice
embryos (Austin, Umbreit et al., 2012; Hong, Kim et al., 2014), it
is controversial that these results can be directly applicable to human
embryos and fetuses (Dugershaw, Aengenheister et al., 2020; Wang
and Wang 2020). Moreover, the indirect developmental toxic effects
of NPs may arise from maternal- and placental-derived oxidative
stress and inflammation-induced placental impairment and
secretion of placental hormones and small molecules
(Dugershaw, Aengenheister et al, 2020; Deval, Boland et al.,
2021). Recently, the dynamic placenta-on-a-chip model can
mimic the real anatomy and physiology of the human placenta,
which will enable a new phase of fetal nano-drug toxicology
assessment (Aengenheister, Favaro et al, 2021). Evaluating the
toxicity of NPs to embryos will help to inform the impact of
NPs on maternal-fetal outcomes and help to find a reasonably

safe dose that can be used in pregnant women.

6 Conclusion

Although NPs have been identified as suitable for ophthalmic
drug delivery, a more comprehensive and in-depth NP

toxicological ~assessment is needed to wunderstand the

underlying mechanism of the human ocular tissue.

References

Abud, M. B, Louzada, R. N,, Isaac, D. L. C,, Souza, L. G., Dos Reis, R. G., Lima, E.
M, et al. (2019). In vivo and in vitro toxicity evaluation of liposome-encapsulated
sirolimus. Int. J. Retina Vitr. 5, 35. doi:10.1186/s40942-019-0186-7

Aengenbheister, L., Favaro, R. R., Morales-Prieto, D. M., Furer, L. A., Gruber, M.,
Wadsack, C,, et al. (2021). Research on nanoparticles in human perfused placenta:
State of the art and perspectives. Placenta 104, 199-207. doi:10.1016/j.placenta.
2020.12.014

Agarwal, H.,, Nakara, A, and Shanmugam, V. K. (2019). Anti-inflammatory
mechanism of various metal and metal oxide nanoparticles synthesized using plant
extracts: A review. Biomed. Pharmacother. 109, 2561-2572. doi:10.1016/j.biopha.
2018.11.116

Alshawwa, S. Z., Kassem, A. A., Farid, R. M., Mostafa, S. K., and Labib, G. S.
(2022). Nanocarrier drug delivery systems: Characterization, limitations, future
perspectives and implementation of artificial intelligence. Pharmaceutics 14 (4),
883. doi:10.3390/pharmaceutics14040883

Amankwa, C. E., Gondi, S. R,, Dibas, A., Weston, C., Funk, A., Nguyen, T., et al.
(2021). Novel thiol containing hybrid antioxidant-nitric oxide donor small
molecules for treatment of glaucoma. Antioxidants (Basel) 10 (4), 575. doi:10.
3390/antiox10040575

Ambati, J., and Fowler, B. J. (2012). Mechanisms of age-related macular
degeneration. Neuron 75 (1), 26-39. doi:10.1016/j.neuron.2012.06.018

Frontiers in Molecular Biosciences

13

10.3389/fmolb.2022.931759

Author contributions

HX and ML conceptualized, critically analysed and improved
the manuscript. CY, JY, AL, JG, YY, and XL wrote the
All authors
approved the submitted version.

manuscript. contributed to the article and

Funding

This study was supported by funding from the National
Natural Science Foundation of China (grant numbers
81873688); National Key Research and Development
Program of China (grant numbers 2018YFA0107302) and
Natural Science Foundation of Chongqing (grant numbers
cstc2021jcyj-msxmX0171).

Conflict of interest

The authors declare that the research was conducted in
the of
relationships that could be construed as a potential

absence any commercial or financial

conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Ameh, T., and Sayes, C. M. (2019). The potential exposure and hazards of copper
nanoparticles: A review. Environ. Toxicol. Pharmacol. 71, 103220. doi:10.1016/j.
etap.2019.103220

An, W,, Zhang, Y., Zhang, X,, Li, K., Kang, Y., Akhtar, S., et al. (2018). Ocular
toxicity of reduced graphene oxide or graphene oxide exposure in mouse eyes.
Exp. Eye Res. 174, 59-69. d0i:10.1016/j.exer.2018.05.024

Aoshima, H., Saitoh, Y., Ito, S., Yamana, S., and Miwa, N. (2009). Safety
evaluation of highly purified fullerenes (HPFs): Based on screening of eye and
skin damage. J. Toxicol. Sci. 34 (5), 555-562. doi:10.2131/jts.34.555

Apaolaza, P. S., Busch, M., Asin-Prieto, E., Peynshaert, K., Rathod, R., Remaut, K.,
et al. (2020). Hyaluronic acid coating of gold nanoparticles for intraocular drug
delivery: Evaluation of the surface properties and effect on their distribution.
Exp. Eye Res. 198, 108151. doi:10.1016/j.exer.2020.108151

Aratjo, J., Garcia, M. L., Mallandrich, M., Souto, E. B., and Calpena, A. C. (2012).
Release profile and transscleral permeation of triamcinolone acetonide loaded
nanostructured lipid carriers (TA-NLC): In vitro and ex vivo studies.
Nanomedicine 8 (6), 1034-1041. doi:10.1016/j.nano.2011.10.015

Ashammakhi, N., Darabi, M. A., Celebi-Saltik, B., Tutar, R., Hartel, M. C,, Lee, J.,
et al. (2020). Microphysiological systems: Next generation systems for assessing
toxicity and therapeutic effects of nanomaterials. Small Methods 4 (1), 1900589.
doi:10.1002/smtd.201900589

frontiersin.org


https://doi.org/10.1186/s40942-019-0186-7
https://doi.org/10.1016/j.placenta.2020.12.014
https://doi.org/10.1016/j.placenta.2020.12.014
https://doi.org/10.1016/j.biopha.2018.11.116
https://doi.org/10.1016/j.biopha.2018.11.116
https://doi.org/10.3390/pharmaceutics14040883
https://doi.org/10.3390/antiox10040575
https://doi.org/10.3390/antiox10040575
https://doi.org/10.1016/j.neuron.2012.06.018
https://doi.org/10.1016/j.etap.2019.103220
https://doi.org/10.1016/j.etap.2019.103220
https://doi.org/10.1016/j.exer.2018.05.024
https://doi.org/10.2131/jts.34.555
https://doi.org/10.1016/j.exer.2020.108151
https://doi.org/10.1016/j.nano.2011.10.015
https://doi.org/10.1002/smtd.201900589
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931759

Yang et al.

AshaRani, P. V., Low Kah Mun, G., Hande, M. P., and Valiyaveettil, S. (2009).
Cytotoxicity and genotoxicity of silver nanoparticles in human cells. ACS Nano 3
(2), 279-290. doi:10.1021/nn800596w

Austin, C. A., Umbreit, T. H., Brown, K. M., Barber, D. S., Dair, B. J., Francke-
Carroll, S., et al. (2012). Distribution of silver nanoparticles in pregnant mice and
developing embryos. Nanotoxicology 6, 912-922. doi:10.3109/17435390.2011.
626539

Awwad, S., Mohamed Ahmed, A. H. A, Sharma, G., Heng, J. S., Khaw, P. T,
Brocchini, S., et al. (2017). Principles of pharmacology in the eye. Br. J. Pharmacol.
174 (23), 4205-4223. doi:10.1111/bph.14024

Azhdarzadeh, M., Saei, A. A., Sharifi, S., Hajipour, M. J,, Alkilany, A. M.,
Sharifzadeh, M., et al. (2015). Nanotoxicology: Advances and pitfalls in research
methodology. Nanomedicine (Lond) 10 (18), 2931-2952. doi:10.2217/nnm.15.130

Bakri, S. J., Pulido, J. S., Mukherjee, P., Marler, R. J., and Mukhopadhyay,
D. (2008). Absence of histologic retinal toxicity of intravitreal nanogold
in a rabbit model. Retina 28 (1), 147-149. doi:10.1097/IAE.
0b013e3180dc9360

Baudouin, C., Kolko, M., Melik-Parsadaniantz, S., and Messmer, E. M. (2021).
Inflammation in Glaucoma: From the back to the front of the eye, and beyond. Prog.
Retin. Eye Res. 83, 100916. doi:10.1016/j.preteyeres.2020.100916

Bayda, S., Adeel, M., Tuccinardi, T., Cordani, M., and Rizzolio, F. (2019). The
history of nanoscience and nanotechnology: From chemical-physical applications
to nanomedicine. Molecules 25 (1), E112. doi:10.3390/molecules25010112

Begines, B., Ortiz, T., Pérez-Aranda, M., Martinez, G., Merinero, M., Argiielles-
Arias, F., et al. (2020). Polymeric nanoparticles for drug delivery: Recent
developments and future prospects. Nanomater. (Basel) 10 (7), E1403. doi:10.
3390/nano010071403

Bhatt, P., Fnu, G., Bhatia, D., Shahid, A., and Sutariya, V. (2020). Nanodelivery of
resveratrol-loaded PLGA nanoparticles for age-related macular degeneration. AAPS
PharmSciTech 21 (8), 291. doi:10.1208/s12249-020-01836-4

Bhattacharjee, A., Das, P. J., Adhikari, P., Marbaniang, D., Pal, P, Ray, S., et al.
(2019). Novel drug delivery systems for ocular therapy: With special reference to
liposomal ocular delivery. Eur. J. Ophthalmol. 29 (1), 113-126. doi:10.1177/
1120672118769776

Bose, A., Roy Burman, D,, Sikdar, B., and Patra, P. (2021). Nanomicelles: Types,
properties and applications in drug delivery. IET Nanobiotechnol. 15 (1), 19-27.
doi:10.1049/nbt2.12018

Cabrera, F. J., Wang, D. C,, Reddy, K., Acharya, G., and Shin, C. S. (2019).
Challenges and opportunities for drug delivery to the posterior of the eye. Drug
Discov. Today 24 (8), 1679-1684. doi:10.1016/j.drudis.2019.05.035

Ch, S., Mishra, P., Bhatt, H.,, Ghosh, B., Roy, S., Biswas, S., et al. (2021).
Hydroxypropyl methacrylamide-based copolymeric nanoparticles loaded with
moxifloxacin as a mucoadhesive, cornea-penetrating nanomedicine eye drop
with enhanced therapeutic benefits in bacterial keratitis. Colloids Surf. B
Biointerfaces 208, 112113. doi:10.1016/j.colsurfb.2021.112113

Chan, C. M., Hsiao, C. Y, Li, H. ], Fang, J. Y., Chang, D. C,, Hung, C. F,, et al.
(2019a). The inhibitory effects of gold nanoparticles on VEGF-A-induced cell
migration in choroid-retina endothelial cells. Int. . Mol. Sci. 21 (1), E109. doi:10.
3390/ijms21010109

Chan, T. C. Y., Chow, S. S. W., Wan, K. H. N, and Yuen, H. K. L. (2019b). Update
on the association between dry eye disease and meibomian gland dysfunction. Hong
Kong Med. J. 25 (1), 38-47. doi:10.12809/hkmj187331

Chan, Y.J, Liao, P. L, Tsai, C. H., Cheng, Y. W,, Lin, F. L,, Ho, J. D, et al. (2021).
Titanium dioxide nanoparticles impair the inner blood-retinal barrier and retinal
electrophysiology through rapid ADAM17 activation and claudin-5 degradation.
Part. Fibre Toxicol. 18 (1), 4. doi:10.1186/s12989-020-00395-7

Chemla, Y., Betzer, O., Markus, A., Farah, N., Motiei, M., Popovtzer, R, et al.
(2019). Gold nanoparticles for multimodal high-resolution imaging of transplanted
cells for retinal replacement therapy. Nanomedicine (Lond) 14 (14), 1857-1871.
doi:10.2217/nnm-2018-0299

Chen, F., Si, P, de la Zerda, A, Jokerst, J. V., and Myung, D. (2021). Gold
nanoparticles to enhance ophthalmic imaging. Biomater. Sci. 9 (2), 367-390. doi:10.
1039/d0bm01063d

Chen, X,, Zhu, S., Hu, X,, Sun, D,, Yang, J., Yang, C,, et al. (2020). Toxicity and
mechanism of mesoporous silica nanoparticles in eyes. Nanoscale 12 (25),
13637-13653. doi:10.1039/d0nr03208e

Cheung, N., Mitchell, P., and Wong, T. Y. (2010). Diabetic retinopathy. Lancet
376 (9735), 124-136. doi:10.1016/S0140-6736(09)62124-3

Chittasupho, C., Posritong, P., and Ariyawong, P. (2018). Stability, cytotoxicity,
and retinal pigment epithelial cell binding of hyaluronic acid-coated PLGA
nanoparticles encapsulating lutein. AAPS PharmSciTech 20 (1), 4. doi:10.1208/
$12249-018-1256-0

Frontiers in Molecular Biosciences

10.3389/fmolb.2022.931759

Choudhary, A., Singh, S., and Ravichandiran, V. (2022). Toxicity, preparation
methods and applications of silver nanoparticles: An update. Toxicol. Mech.
Methods 1, 1-12. doi:10.1080/15376516.2022.2064257

Chrishtop, V. V., Prilepskii, A. Y., Nikonorova, V. G., and Mironov, V. A. (2021).
Nanosafety vs. nanotoxicology: Adequate animal models for testing in vivo toxicity
of nanoparticles. Toxicology 462, 152952. doi:10.1016/j.tox.2021.152952

Clayton, J. A. (2018). Dry eye. N. Engl. J. Med. 378 (23), 2212-2223. doi:10.1056/
NEJMral407936

Coleman, H. R., Chan, C. C,, Ferris, F. L., 3rd, and Chew, E. Y. (2008). Age-related
macular degeneration. Lancet 372 (9652), 1835-1845. doi:10.1016/S0140-6736(08)
61759-6

Demirci, H., Wang, Y., Li, Q,, Lin, C. M., Kotov, N. A, Grisolia, A. B. D., et al.
(2020). Penetration of carbon nanotubes into the retinoblastoma tumor after
intravitreal injection in LH BETA T AG transgenic mice reti-noblastoma model.
J. Ophthalmic Vis. Res. 15 (4), 446-452. doi:10.18502/jovr.v15i4.7778

Deval, G., Boland, S., Fournier, T., and Ferecatu, I. (2021). On placental
toxicology studies and cerium dioxide nanoparticles. Int. J. Mol. Sci. 22 (22),
12266. doi:10.3390/ijms222212266

Dhabhir, R. K., Al-Nima, A. M., and Al-Bazzaz, F. Y. (2021). Nanoemulsions as
ophthalmic drug delivery systems. Turk. J. Pharm. Sci. 18 (5), 652-664. doi:10.4274/
tjps.galenos.2020.59319

Diebold, Y. and Calonge, M. (2010). Applications of nanoparticles in
ophthalmology. Prog. Retin. Eye Res. 29 (6), 596-609. doi:10.1016/j.preteyeres.
2010.08.002

Divya, K., Smitha, V., and Jisha, M. S. (2018). Antifungal, antioxidant and
cytotoxic activities of chitosan nanoparticles and its use as an edible coating on
vegetables. Int. J. Biol. Macromol. 114, 572-577. doi:10.1016/j.ijbiomac.2018.03.130

Dogru, M., Kojima, T., Simsek, C., and Tsubota, K. (2018). Potential role of
oxidative stress in ocular surface inflammation and dry eye disease. Invest.
Ophthalmol. Vis. Sci. 59 (14), 1. doi:10.1167/iovs.17-23402

Dugershaw, B. B., Aengenheister, L., Hansen, S. S. K., Hougaard, K. S., and
Buerki-Thurnherr, T. (2020). Recent insights on indirect mechanisms in
developmental toxicity of nanomaterials. Part. Fibre Toxicol. 17 (1), 31. doi:10.
1186/512989-020-00359-x

Durgun, M. E., Giingdr, S., and Ozsoy, Y. (2020). Micelles: Promising ocular drug
carriers for anterior and posterior segment diseases. J. Ocul. Pharmacol. Ther. 36 (6),
323-341. doi:10.1089/jop.2019.0109

Ema, M., Matsuda, A., Kobayashi, N., Naya, M., and Nakanishi, J. (2013). Dermal
and ocular irritation and skin sensitization studies of fullerene C60 nanoparticles.
Cutan. Ocul. Toxicol. 32 (2), 128-134. doi:10.3109/15569527.2012.727937

Ema, M., Matsuda, A., Kobayashi, N., Naya, M., and Nakanishi, J. (2011).
Evaluation of dermal and eye irritation and skin sensitization due to carbon
nanotubes. Regul. Toxicol. Pharmacol. 61 (3), 276-281. doi:10.1016/j.yrtph.2011.
08.007

Enea, M., Pereira, E., Costa, J., Soares, M. E., Dias da Silva, D., Bastos, M. L., et al.
(2021). Cellular uptake and toxicity of gold nanoparticles on two distinct hepatic
cell models. Toxicol. Vitro 70, 105046. doi:10.1016/j.tiv.2020.105046

Enriquez de Salamanca, A., Diebold, Y., Calonge, M., Garcia-Vazquez, C., Callejo,
S., Vila, A, et al. (2006). Chitosan nanoparticles as a potential drug delivery system
for the ocular surface: Toxicity, uptake mechanism and in vivo tolerance. Invest.
Ophthalmol. Vis. Sci. 47 (4), 1416-1425. doi:10.1167/i0vs.05-0495

Erdogar, N., Akkin, S., and Bilensoy, E. (2018). Nanocapsules for drug delivery:
An updated review of the last decade. Recent Pat. Drug Deliv. Formul. 12 (4),
252-266. doi:10.2174/1872211313666190123153711

Erdurmus, M., Yagcy, R., Atig, O., Karadag, R., Akbas, A., Hepsen, L. F,, et al.
(2011). Antioxidant status and oxidative stress in primary open angle glaucoma and
pseudoexfoliative glaucoma. Curr. Eye Res. 36 (8), 713-718. doi:10.3109/02713683.
2011.584370

Feghhi, M., Sharif Makhmalzadeh, B., Farrahi, F., Akmali, M., and Hasanvand, N.
(2020). Anti-microbial effect and in vivo ocular delivery of ciprofloxacin-loaded
liposome through rabbit’s eye. Curr. Eye Res. 45 (10), 1245-1251. doi:10.1080/
02713683.2020.1728777

Ferreira Soares, D. C., Domingues, S. C., Viana, D. B, and Tebaldi, M. L. (2020).
Polymer-hybrid nanoparticles: Current advances in biomedical applications.
Biomed. Pharmacother. 131, 110695. doi:10.1016/j.biopha.2020.110695

Fritsche, E., Haarmann-Stemmann, T., Kapr, J., Galanjuk, S., Hartmann, J.,
Mertens, P. R, et al. (2021). Stem cells for next level toxicity testing in the 21st
century. Small 17 (15), €2006252. doi:10.1002/sml1.202006252

Ganugula, R., Arora, M., Lepiz, M. A, Niu, Y., Mallick, B. K., Pflugfelder, S. C.,
et al. (2020). Systemic anti-inflammatory therapy aided by double-headed
nanoparticles in a canine model of acute intraocular inflammation. Sci. Adv. 6
(35), eabb7878. doi:10.1126/sciadv.abb7878

frontiersin.org


https://doi.org/10.1021/nn800596w
https://doi.org/10.3109/17435390.2011.626539
https://doi.org/10.3109/17435390.2011.626539
https://doi.org/10.1111/bph.14024
https://doi.org/10.2217/nnm.15.130
https://doi.org/10.1097/IAE.0b013e3180dc9360
https://doi.org/10.1097/IAE.0b013e3180dc9360
https://doi.org/10.1016/j.preteyeres.2020.100916
https://doi.org/10.3390/molecules25010112
https://doi.org/10.3390/nano10071403
https://doi.org/10.3390/nano10071403
https://doi.org/10.1208/s12249-020-01836-4
https://doi.org/10.1177/1120672118769776
https://doi.org/10.1177/1120672118769776
https://doi.org/10.1049/nbt2.12018
https://doi.org/10.1016/j.drudis.2019.05.035
https://doi.org/10.1016/j.colsurfb.2021.112113
https://doi.org/10.3390/ijms21010109
https://doi.org/10.3390/ijms21010109
https://doi.org/10.12809/hkmj187331
https://doi.org/10.1186/s12989-020-00395-7
https://doi.org/10.2217/nnm-2018-0299
https://doi.org/10.1039/d0bm01063d
https://doi.org/10.1039/d0bm01063d
https://doi.org/10.1039/d0nr03208e
https://doi.org/10.1016/S0140-6736(09)62124-3
https://doi.org/10.1208/s12249-018-1256-0
https://doi.org/10.1208/s12249-018-1256-0
https://doi.org/10.1080/15376516.2022.2064257
https://doi.org/10.1016/j.tox.2021.152952
https://doi.org/10.1056/NEJMra1407936
https://doi.org/10.1056/NEJMra1407936
https://doi.org/10.1016/S0140-6736(08)61759-6
https://doi.org/10.1016/S0140-6736(08)61759-6
https://doi.org/10.18502/jovr.v15i4.7778
https://doi.org/10.3390/ijms222212266
https://doi.org/10.4274/tjps.galenos.2020.59319
https://doi.org/10.4274/tjps.galenos.2020.59319
https://doi.org/10.1016/j.preteyeres.2010.08.002
https://doi.org/10.1016/j.preteyeres.2010.08.002
https://doi.org/10.1016/j.ijbiomac.2018.03.130
https://doi.org/10.1167/iovs.17-23402
https://doi.org/10.1186/s12989-020-00359-x
https://doi.org/10.1186/s12989-020-00359-x
https://doi.org/10.1089/jop.2019.0109
https://doi.org/10.3109/15569527.2012.727937
https://doi.org/10.1016/j.yrtph.2011.08.007
https://doi.org/10.1016/j.yrtph.2011.08.007
https://doi.org/10.1016/j.tiv.2020.105046
https://doi.org/10.1167/iovs.05-0495
https://doi.org/10.2174/1872211313666190123153711
https://doi.org/10.3109/02713683.2011.584370
https://doi.org/10.3109/02713683.2011.584370
https://doi.org/10.1080/02713683.2020.1728777
https://doi.org/10.1080/02713683.2020.1728777
https://doi.org/10.1016/j.biopha.2020.110695
https://doi.org/10.1002/smll.202006252
https://doi.org/10.1126/sciadv.abb7878
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931759

Yang et al.

Gariano, R. F,, Assil, K. K., Wiley, C. A., Munguia, D., Weinreb, R. N., Freeman,
W. R, et al. (1994). Retinal toxicity of the antimetabolite 5-fluorouridine 5’-
monophosphate administered intravitreally using multivesicular liposomes.
Retina 14 (1), 75-80. doi:10.1097/00006982-199401000-00015

Gharpure, S., Akash, A., and Ankamwar, B. (2020). A review on antimicrobial
properties of metal nanoparticles. J. Nanosci. Nanotechnol. 20 (6), 3303-3339.
doi:10.1166/jnn.2020.17677

Gholizadeh, S., Wang, Z., Chen, X., Dana, R, and Annabi, N. (2021). Advanced
nanodelivery platforms for topical ophthalmic drug delivery. Drug Discov. Today 26
(6), 1437-1449. doi:10.1016/j.drudis.2021.02.027

Gote, V., Sikder, S., Sicotte, J., and Pal, D. (2019). Ocular drug delivery: Present
innovations and future challenges. J. Pharmacol. Exp. Ther. 370 (3), 602-624.
doi:10.1124/jpet.119.256933

Grimaudo, M. A., Pescina, S., Padula, C., Santi, P., Concheiro, A., Alvarez-
Lorenzo, C., et al. (2019). Topical application of polymeric nanomicelles in
ophthalmology: A review on research efforts for the noninvasive delivery of
ocular therapeutics. Expert Opin. Drug Deliv. 16 (4), 397-413. doi:10.1080/
17425247.2019.1597848

Gupta, R, and Xie, H. (2018). Nanoparticles in daily life: Applications, toxicity
and regulations. J. Environ. Pathol. Toxicol. Oncol. 37 (3), 209-230. doi:10.1615/
JEnvironPatholToxicolOncol.2018026009

Hanafy, B. 1., Cave, G. W. V., Barnett, Y., and Pierscionek, B. K. (2021). Nanoceria
prevents glucose-induced protein glycation in eye lens cells. Nanomater. (Basel) 11
(6), 1473. doi:10.3390/nan011061473

Hanafy, B. I, Cave, G. W. V., Barnett, Y., and Pierscionek, B. (2020). Treatment of
human lens epithelium with high levels of nanoceria leads to reactive oxygen species
mediated apoptosis. Molecules 25 (3), E441. doi:10.3390/molecules25030441

Haunberger, A., and Goepferich, A. (2019). Nanoparticles targeting retinal and
choroidal capillaries in vivo. Methods Mol. Biol. 1834, 391-404. doi:10.1007/978-1-
4939-8669-9_25

He, M, Li, X,, Yu, L, Deng, S., Gu, N,, Li, L, et al. (2022). Double-sided nano-
ZnO: Superior antibacterial properties and induced hepatotoxicity in zebrafish
embryos. Toxics 10 (3), 144. doi:10.3390/toxics10030144

Hong, J. S, Kim, S, Lee, S. H,, Jo, E., Lee, B., Yoon, J., et al. (2014). Combined
repeated-dose toxicity study of silver nanoparticles with the reproduction/
developmental toxicity screening test. Nanotoxicology 8 (4), 349-362. doi:10.
3109/17435390.2013.780108

Imperiale, J. C., Acosta, G. B., and Sosnik, A. (2018). Polymer-based carriers for
ophthalmic drug delivery. J. Control. Release 285, 106-141. doi:10.1016/j.jconrel.
2018.06.031

Ismail, A., Nasr, M., and Sammour, O. (2020). Nanoemulsion as a feasible and
biocompatible carrier for ocular delivery of travoprost: Improved pharmacokinetic/
pharmacodynamic properties. Int. J. Pharm. 583, 119402. doi:10.1016/j.ijpharm.
2020.119402

Jackson, T. L., Mandava, N., Quiroz-Mercado, H., Benage, M., Garcia-Aguirre, G.,
Morales-Canton, V., et al. (2021). Intravitreal quantum dots for retinitis
pigmentosa: A first-in-human safety study. Nanomedicine (Lond) 16 (8),
617-626. doi:10.2217/nnm-2020-0471

Janagam, D. R,, Wu, L., and Lowe, T. L. (2017). Nanoparticles for drug delivery to
the anterior segment of the eye. Adv. Drug Deliv. Rev. 122, 31-64. doi:10.1016/j.
addr.2017.04.001

Javed, R., Ain, N. U,, Gul, A., Arslan Ahmad, M., Guo, W., Ao, Q., et al. (2022).
Diverse biotechnological applications of multifunctional titanium dioxide
nanoparticles: An up-to-date review. IET Nanobiotechnol. 16, 171-189. doi:10.
1049/nbt2.12085

Jogpal, V., Sanduja, M., Dutt, R,, Garg, V., and Tinku (2022). Advancement of
nanomedicines in chronic inflammatory disorders. Inflammopharmacology 30 (2),
355-368. doi:10.1007/s10787-022-00927-x

Jumelle, C., Gholizadeh, S., Annabi, N., and Dana, R. (2020). Advances and
limitations of drug delivery systems formulated as eye drops. J. Control. Release 321,
1-22. doi:10.1016/j,jconrel.2020.01.057

Kalishwaralal, K., Barathmanikanth, S., Pandian, S. R, Deepak, V., and
Gurunathan, S. (2010). Silver nano - A trove for retinal therapies. J. Control.
Release 145 (2), 76-90. doi:10.1016/j.jconrel.2010.03.022

Kamaleddin, M. A. (2017). Nano-ophthalmology: Applications and
considerations. Nanomedicine 13 (4), 1459-1472. doi:10.1016/j.nano.2017.02.007
Kambhampati, S. P., Bhutto, I. A., Wu, T., Ho, K,, McLeod, D. S, Lutty, G. A,,
et al. (2021). Systemic dendrimer nanotherapies for targeted suppression of

choroidal inflammation and neovascularization in age-related macular
degeneration. J. Control. Release 335, 527-540. doi:10.1016/j.jconrel.2021.05.035

Kang-Mieler, J. J., Dosmar, E., Liu, W., and Mieler, W. F. (2017). Extended ocular
drug delivery systems for the anterior and posterior segments: Biomaterial options

Frontiers in Molecular Biosciences

15

10.3389/fmolb.2022.931759

and applications. Expert Opin. Drug Deliv. 14 (5), 611-620. doi:10.1080/17425247.
2016.1227785

Karakogak, B. B., Raliya, R,, Davis, J. T., Chavalmane, S., Wang, W. N, Ravi, N,
etal. (2016). Biocompatibility of gold nanoparticles in retinal pigment epithelial cell
line. Toxicol. Vitro 37, 61-69. doi:10.1016/j.tiv.2016.08.013

Keerthana, S., and Kumar, A. (2020). Potential risks and benefits of zinc oxide
nanoparticles: A systematic review. Crit. Rev. Toxicol. 50 (1), 47-71. doi:10.1080/
10408444.2020.1726282

Khosa, A., Reddi, S., and Saha, R. N. (2018). Nanostructured lipid carriers for site-
specific drug delivery. Biomed. Pharmacother. 103, 598-613. doi:10.1016/j.biopha.
2018.04.055

Kim, J. H., Kim, J. H., Kim, K. W., Kim, M. H., and Yu, Y. S. (2009). Intravenously
administered gold nanoparticles pass through the blood-retinal barrier depending
on the particle size, and induce no retinal toxicity. Nanotechnology 20 (50), 505101.
doi:10.1088/0957-4484/20/50/505101

Kim, K. T., Zaikova, T., Hutchison, J. E., and Tanguay, R. L. (2013). Gold
nanoparticles disrupt zebrafish eye development and pigmentation. Toxicol. Sci. 133
(2), 275-288. doi:10.1093/toxsci/kft081

Kim, M., Park, J. H,, Jeong, H., Hong, J., and Park, C. Y. (2021). Effects of
nonporous silica nanoparticles on human trabecular meshwork cells. J. Glaucoma
30 (2), 195-202. doi:10.1097/1JG.0000000000001709

Kishore, A. S., Surekha, P., and Murthy, P. B. (2009). Assessment of the dermal
and ocular irritation potential of multi-walled carbon nanotubes by using in vitro
and in vivo methods. Toxicol. Lett. 191 (2-3), 268-274. doi:10.1016/j.toxlet.2009.
09.007

Kuo, T. R, Lee, C. F,, Lin, S. J., Dong, C. Y., Chen, C. C,, Tan, H. Y, et al. (2011).
Studies of intracorneal distribution and cytotoxicity of quantum dots: Risk
assessment of eye exposure. Chem. Res. Toxicol. 24 (2), 253-261. doi:10.1021/
tx100376n

Lacave, J. M., Retuerto, A., Vicario-Parés, U., Gilliland, D., Oron, M., Cajaraville,
M. P, etal. (2016). Effects of metal-bearing nanoparticles (Ag, Au, CdS, ZnO, SiO2)
on developing zebrafish embryos. Nanotechnology 27 (32), 325102. doi:10.1088/
0957-4484/27/32/325102

Laradji, A., Karakocak, B. B., Kolesnikov, A. V., Kefalov, V.]., and Ravi, N. (2021).
Hyaluronic acid-based gold nanoparticles for the topical delivery of therapeutics to
the retina and the retinal pigment epithelium. Polym. (Basel) 13 (19), 3324. doi:10.
3390/polym13193324

Lee, H.,, and Park, K. (2019). In vitro cytotoxicity of zinc oxide nanoparticles in
cultured Statens Seruminstitut rabbit cornea cells. Toxicol. Res. 35 (3), 287-294.
doi:10.5487/TR.2019.35.3.287

Lee, J. H., Shin, H., Shaker, M. R., Kim, H. J., Park, S. H., Kim, J. H,, et al. (2022).
Production of human spinal-cord organoids recapitulating neural-tube
morphogenesis. Nat. Biomed. Eng. 6, 435-448. doi:10.1038/s41551-022-00868-4

Lem, D. W,, Davey, P. G., Gierhart, D. L., and Rosen, R. B. (2021). A systematic
review of carotenoids in the management of age-related macular degeneration.
Antioxidants (Basel) 10 (8), 1255. doi:10.3390/antiox10081255

Li, M., Gong, J., Gao, L., Zou, T., Kang, J., Xu, H,, et al. (2022a). Advanced human
developmental toxicity and teratogenicity assessment using human organoid
models. Ecotoxicol. Environ. Saf. 235, 113429. doi:10.1016/j.ecoenv.2022.113429

Li, M., Yang, T., Gao, L., and Xu, H. (2021). An inadvertent issue of human retina
exposure to endocrine disrupting chemicals: A safety assessment. Chemosphere 264
(Pt 1), 128484. doi:10.1016/j.chemosphere.2020.128484

Li, M., Zeng, Y., Ge, L., Gong, J., Weng, C., Yang, C,, et al. (2022b). Evaluation of
the influences of low dose polybrominated diphenyl ethers exposure on human
early retinal development. Environ. Int. 163, 107187. doi:10.1016/j.envint.2022.
107187

Li, Q, Weng, J., Wong, S. N,, Thomas Lee, W. Y., and Chow, S. F. (2021).
Nanoparticulate drug delivery to the retina. Mol. Pharm. 18 (2), 506-521. doi:10.
1021/acs.molpharmaceut.0c00224

Li, X., Kang, B., Eom, Y., Zhong, J., Lee, H. K,, Kim, H. M,, et al. (2022).
Comparison of cytotoxicity effects induced by four different types of nanoparticles
in human corneal and conjunctival epithelial cells. Sci. Rep. 12 (1), 155. doi:10.1038/
$41598-021-04199-3

Lin, H., Yue, Y., Maidana, D. E., Bouzika, P., Atik, A., Matsumoto, H., et al.
(2016). Drug delivery nanoparticles: Toxicity comparison in retinal pigment
epithelium and retinal vascular endothelial cells. Semin. Ophthalmol. 31 (1-2),
1-9. doi:10.3109/08820538.2015.1114865

Liu, Y. C, Lin, M. T,, Ng, A. H. C, Wong, T. T., and Mehta, J. S. (2020).
Nanotechnology for the treatment of allergic conjunctival diseases. Pharm. (Basel)
13 (11), E351. doi:10.3390/ph13110351

Liu, Y. C., Wilkins, M., Kim, T., Malyugin, B., and Mehta, J. S. (2017). Cataracts.
Lancet 390 (10094), 600-612. doi:10.1016/S0140-6736(17)30544-5

frontiersin.org


https://doi.org/10.1097/00006982-199401000-00015
https://doi.org/10.1166/jnn.2020.17677
https://doi.org/10.1016/j.drudis.2021.02.027
https://doi.org/10.1124/jpet.119.256933
https://doi.org/10.1080/17425247.2019.1597848
https://doi.org/10.1080/17425247.2019.1597848
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2018026009
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2018026009
https://doi.org/10.3390/nano11061473
https://doi.org/10.3390/molecules25030441
https://doi.org/10.1007/978-1-4939-8669-9_25
https://doi.org/10.1007/978-1-4939-8669-9_25
https://doi.org/10.3390/toxics10030144
https://doi.org/10.3109/17435390.2013.780108
https://doi.org/10.3109/17435390.2013.780108
https://doi.org/10.1016/j.jconrel.2018.06.031
https://doi.org/10.1016/j.jconrel.2018.06.031
https://doi.org/10.1016/j.ijpharm.2020.119402
https://doi.org/10.1016/j.ijpharm.2020.119402
https://doi.org/10.2217/nnm-2020-0471
https://doi.org/10.1016/j.addr.2017.04.001
https://doi.org/10.1016/j.addr.2017.04.001
https://doi.org/10.1049/nbt2.12085
https://doi.org/10.1049/nbt2.12085
https://doi.org/10.1007/s10787-022-00927-x
https://doi.org/10.1016/j.jconrel.2020.01.057
https://doi.org/10.1016/j.jconrel.2010.03.022
https://doi.org/10.1016/j.nano.2017.02.007
https://doi.org/10.1016/j.jconrel.2021.05.035
https://doi.org/10.1080/17425247.2016.1227785
https://doi.org/10.1080/17425247.2016.1227785
https://doi.org/10.1016/j.tiv.2016.08.013
https://doi.org/10.1080/10408444.2020.1726282
https://doi.org/10.1080/10408444.2020.1726282
https://doi.org/10.1016/j.biopha.2018.04.055
https://doi.org/10.1016/j.biopha.2018.04.055
https://doi.org/10.1088/0957-4484/20/50/505101
https://doi.org/10.1093/toxsci/kft081
https://doi.org/10.1097/IJG.0000000000001709
https://doi.org/10.1016/j.toxlet.2009.09.007
https://doi.org/10.1016/j.toxlet.2009.09.007
https://doi.org/10.1021/tx100376n
https://doi.org/10.1021/tx100376n
https://doi.org/10.1088/0957-4484/27/32/325102
https://doi.org/10.1088/0957-4484/27/32/325102
https://doi.org/10.3390/polym13193324
https://doi.org/10.3390/polym13193324
https://doi.org/10.5487/TR.2019.35.3.287
https://doi.org/10.1038/s41551-022-00868-4
https://doi.org/10.3390/antiox10081255
https://doi.org/10.1016/j.ecoenv.2022.113429
https://doi.org/10.1016/j.chemosphere.2020.128484
https://doi.org/10.1016/j.envint.2022.107187
https://doi.org/10.1016/j.envint.2022.107187
https://doi.org/10.1021/acs.molpharmaceut.0c00224
https://doi.org/10.1021/acs.molpharmaceut.0c00224
https://doi.org/10.1038/s41598-021-04199-3
https://doi.org/10.1038/s41598-021-04199-3
https://doi.org/10.3109/08820538.2015.1114865
https://doi.org/10.3390/ph13110351
https://doi.org/10.1016/S0140-6736(17)30544-5
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931759

Yang et al.

Lopez-Cano, J. J., Gonzalez-Cela-Casamayor, M. A., Andrés-Guerrero, V.,
Herrero-Vanrell, R., and Molina-Martinez, 1. T. (2021). Liposomes as vehicles
for topical ophthalmic drug delivery and ocular surface protection. Expert Opin.
Drug Deliv. 18 (7), 819-847. doi:10.1080/17425247.2021.1872542

Luo, L. J., Nguyen, D. D,, and Lai, J. Y. (2020). Dually functional hollow ceria
nanoparticle platform for intraocular drug delivery: A push beyond the limits of
static and dynamic ocular barriers toward glaucoma therapy. Biomaterials 243,
119961. doi:10.1016/j.biomaterials.2020.119961

Lynch, C., Kondiah, P. P. D., Choonara, Y. E., du Toit, L. C,, Ally, N,, Pillay, V.,
et al. (2019). Advances in biodegradable nano-sized polymer-based ocular drug
delivery. Polym. (Basel) 11 (8), E1371. doi:10.3390/polym11081371

Ma, D. J,, Lim, M. S, Park, U. C, Park, J. B,, Ji, S. Y., Yu, H. G,, et al. (2019).
Magnetic iron oxide nanoparticle labeling of photoreceptor precursors for magnetic
resonance imaging. Tissue Eng. Part C Methods 25 (9), 532-542. doi:10.1089/ten.
TEC.2019.0136

Ma, Y, Li, P, Zhao, L., Liu, J.,, Yu, J., Huang, Y., et al. (2021). Size-dependent
cytotoxicity and reactive oxygen species of cerium oxide nanoparticles in human
retinal pigment epithelia cells. Int. J. Nanomedicine 16, 5333-5341. doi:10.2147/I]N.
$305676

Madni, A., Rahem, M. A., Tahir, N., Sarfraz, M., Jabar, A., Rehman, M., et al.
(2017). Non-invasive strategies for targeting the posterior segment of eye. Int.
J. Pharm. 530 (1-2), 326-345. doi:10.1016/j.ijpharm.2017.07.065

Mahaling, B., Baruah, N., Ahamad, N., Maisha, N., Lavik, E., Katti, D. S., et al.
(2021). A non-invasive nanoparticle-based sustained dual-drug delivery system as
an eyedrop for endophthalmitis. Int. J. Pharm. 606, 120900. doi:10.1016/j.ijpharm.
2021.120900

Masse, F., Desjardins, P., Ouellette, M., Couture, C., Omar, M. M., Pernet, V., et al.
(2019a). Synthesis of ultrastable gold nanoparticles as a new drug delivery system.
Molecules 24 (16), E2929. doi:10.3390/molecules24162929

Masse, F., Ouellette, M., Lamoureux, G., and Boisselier, E. (2019b). Gold
nanoparticles in ophthalmology. Med. Res. Rev. 39 (1), 302-327. doi:10.1002/
med.21509

Mitchell, P., Liew, G., Gopinath, B., and Wong, T. Y. (2018). Age-related macular
degeneration. Lancet 392 (10153), 1147-1159. doi:10.1016/S0140-6736(18)31550-2

Mohammadi, M., Elahimehr, Z., and Mahboobian, M. M. (2021). Acyclovir-
loaded nanoemulsions: Preparation, characterization and irritancy studies for
ophthalmic delivery. Curr. Eye Res. 46 (11), 1646-1652. doi:10.1080/02713683.
2021.1929328

Mohanty, A., Uthaman, S., and Park, L. K. (2020). Utilization of polymer-lipid
hybrid nanoparticles for targeted anti-cancer therapy. Molecules 25 (19), E4377.
doi:10.3390/molecules25194377

Moreno, M. L., Mérida, S., Bosch-Morell, F., Miranda, M., and Villar, V. M.
(2018). Autophagy dysfunction and oxidative stress, two related mechanisms
implicated in retinitis pigmentosa. Front. Physiol. 9, 1008. doi:10.3389/fphys.
2018.01008

MubarakAli, D., LewisOscar, F., Gopinath, V., Alharbi, N. S., Alharbi, S. A,
Thajuddin, N., et al. (2018). An inhibitory action of chitosan nanoparticles
against pathogenic bacteria and fungi and their potential applications as
biocompatible antioxidants. Microb. Pathog. 114, 323-327. do0i:10.1016/j.
micpath.2017.11.043

Mukherjee, A., Waters, A. K., Kalyan, P., Achrol, A. S., Kesari, S., Yenugonda, V.
M, et al. (2019). Lipid-polymer hybrid nanoparticles as a next-generation drug

delivery platform: State of the art, emerging technologies, and perspectives. Int.
J. Nanomedicine 14, 1937-1952. doi:10.2147/IJN.S198353

Mukherjee, P., Bhattacharya, R., Wang, P., Wang, L., Basu, S., Nagy, J. A,, et al.
(2005). Antiangiogenic properties of gold nanoparticles. Clin. Cancer Res. 11 (9),
3530-3534. doi:10.1158/1078-0432.CCR-04-2482

Naikoo, G., Al-Mashali, F., Arshad, F., Al-Maashani, N., Hassan, I. U., Al-
Baraami, Z., et al. (2021). An overview of copper nanoparticles: Synthesis,
characterisation and anticancer activity. Curr. Pharm. Des. 27 (43), 4416-4432.
doi:10.2174/1381612827666210804100303

Najahi-Missaoui, W., Arnold, R. D., and Cummings, B. S. (2020). Safe
nanoparticles: Are we there yet? Int. J. Mol. Sci. 22 (1), E385. doi:10.3390/
ijms22010385

Nayak, K., and Misra, M. (2018). A review on recent drug delivery systems for
posterior segment of eye. Biomed. Pharmacother. 107, 1564-1582. doi:10.1016/j.
biopha.2018.08.138

Negri, V., Pacheco-Torres, J., Calle, D., and Lépez-Larrubia, P. (2020). Carbon
nanotubes in biomedicine. Top. Curr. Chem. 378 (1), 15. doi:10.1007/s41061-019-
0278-8

Nguyen, V. P, Li, Y., Qian, W., Liu, B,, Tian, C., Zhang, W,, et al. (2019). Contrast
agent enhanced multimodal photoacoustic microscopy and optical coherence

Frontiers in Molecular Biosciences

16

10.3389/fmolb.2022.931759

tomography for imaging of rabbit choroidal and retinal vessels in vivo. Sci. Rep.
9 (1), 5945. doi:10.1038/s41598-019-42324-5

Nuciforo, S., and Heim, M. H. (2021). Organoids to model liver disease. JHEP
Rep. 3 (1), 100198. doi:10.1016/j.jhepr.2020.100198

Obrosova, I. G., Chung, S. S., and Kador, P. F. (2010). Diabetic cataracts:
Mechanisms and management. Diabetes. Metab. Res. Rev. 26 (3), 172-180.
doi:10.1002/dmrr.1075

Ozkaya, D., Naziroglu, M., Vanyorek, L., and Muhamad, S. (2021). Involvement
of TRPM2 channel on hypoxia-induced oxidative injury, inflammation, and cell
death in retinal pigment epithelial cells: Modulator action of selenium
nanoparticles. Biol. Trace Elem. Res. 199 (4), 1356-1369. do0i:10.1007/s12011-
020-02556-3

Paiva, M. R. B., Andrade, G. F., Dourado, L. F. N., Castro, B. F. M,, Fialho, S. L.,
Sousa, E. M. B,, et al. (2021). Surface functionalized mesoporous silica nanoparticles
for intravitreal application of tacrolimus. J. Biomater. Appl. 35 (8), 1019-1033.
doi:10.1177/0885328220977605

Pandit, J., Sultana, Y., and Aqil, M. (2021). Chitosan coated nanoparticles for
efficient delivery of bevacizumab in the posterior ocular tissues via subconjunctival
administration. Carbohydr. Polym. 267, 118217. d0i:10.1016/j.carbpol.2021.118217

Park, J. H.,, Jeong, H., Hong, J., Chang, M., Kim, M., Chuck, R. S., et al. (2016). The
effect of silica nanoparticles on human corneal epithelial cells. Sci. Rep. 6, 37762.
doi:10.1038/srep37762

Peng, C., Kuang, L., Zhao, J., Ross, A. E., Wang, Z., Ciolino, J. B,, et al. (2022).
Bibliometric and visualized analysis of ocular drug delivery from 2001 to 2020.
J. Control. Release 345, 625-645. doi:10.1016/j.jconrel.2022.03.031

Pereira, D. V., Petronilho, F., Pereira, H. R., Vuolo, F., Mina, F., Possato, J. C., et al.
(2012). Effects of gold nanoparticles on endotoxin-induced uveitis in rats. Invest.
Ophthalmol. Vis. Sci. 53 (13), 8036-8041. doi:10.1167/iovs.12-10743

Pflugfelder, S. C., and Stern, M. E. (2020). Biological functions of tear film.
Exp. Eye Res. 197, 108115. doi:10.1016/j.exer.2020.108115

Pierscionek, B. K., Li, Y., Schachar, R. A., and Chen, W. (2012). The effect of high
concentration and exposure duration of nanoceria on human lens epithelial cells.
Nanomedicine 8 (3), 383-390. doi:10.1016/j.nano.2011.06.016

Pierscionek, B. K., Li, Y., Yasseen, A. A., Colhoun, L. M., Schachar, R. A., Chen,
W., et al. (2010). Nanoceria have no genotoxic effect on human lens epithelial cells.
Nanotechnology 21 (3), 035102. doi:10.1088/0957-4484/21/3/035102

Pinazo-Duran, M. D., Shoaie-Nia, K., Zanon-Moreno, V., Sanz-Gonzalez, S. M.,
Del Castillo, J. B., Garcia-Medina, J. J., et al. (2018). Strategies to reduce oxidative
stress in glaucoma patients. Curr. Neuropharmacol. 16 (7), 903-918. doi:10.2174/
1570159X15666170705101910

Pohanka, M. (2019). Copper and copper nanoparticles toxicity and their impact
on basic functions in the body. Bratisl. Lek. Listy 120 (6), 397-409. doi:10.4149/
BLL_2019_065

Prasad, M., Kumar, R., Buragohain, L., Kumari, A., and Ghosh, M. (2021).
Organoid technology: A reliable developmental biology tool for organ-specific
nanotoxicity evaluation. Front. Cell Dev. Biol. 9, 696668. doi:10.3389/fcell.2021.
696668

Qamar, Z., Qizilbash, F. F,, Iqubal, M. K,, Ali, A, Narang, J. K., Ali, ], et al. (2019).
Nano-based drug delivery system: Recent strategies for the treatment of ocular
disease and future perspective. Recent Pat. Drug Deliv. Formul. 13 (4), 246-254.
doi:10.2174/1872211314666191224115211

Quan, J. H,, Gao, F. F,, Ismail, H., Yuk, J. M., Cha, G. H., Chu, J. Q,, et al. (2020).
Silver nanoparticle-induced apoptosis in ARPE-19 cells is inhibited by toxoplasma
gondii pre-infection through suppression of NOX4-dependent ROS generation. Int.
J. Nanomedicine 15, 3695-3716. doi:10.2147/1JN.S244785

Raghunath, A., and Perumal, E. (2017). Metal oxide nanoparticles as
antimicrobial agents: A promise for the future. Int. J. Antimicrob. Agents 49 (2),
137-152. doi:10.1016/j.ijjantimicag.2016.11.011

Ray, P. C,, Yu, H,, and Fu, P. P. (2009). Toxicity and environmental risks of
nanomaterials: Challenges and future needs. J. Environ. Sci. Health. C Environ.
Carcinog. Ecotoxicol. Rev. 27 (1), 1-35. doi:10.1080/10590500802708267

Ren, X,, Zhang, Q., Yang, J., Zhang, X., Zhang, X., Zhang, Y., et al. (2021).
Dopamine imaging in living cells and retina by surface-enhanced Raman scattering
based on functionalized gold nanoparticles. Anal. Chem. 93 (31), 10841-10849.
doi:10.1021/acs.analchem.1c01108

Rodrigues, F. S. C,, Campos, A., Martins, J., Ambrésio, A. F., and Campos, E. J.
(2020). Emerging trends in nanomedicine for improving ocular drug delivery:
Light-responsive nanoparticles, mesoporous silica nanoparticles, and contact
lenses. ACS Biomater. Sci. Eng. 6 (12), 6587-6597. doi:10.1021/acsbiomaterials.
0c01347

Rozman, N. A. S,, Tong, W. Y., Leong, C. R., Tan, W. N., Hasanolbasori, M. A.,
Abdullah, S. Z., et al. (2019). Potential antimicrobial applications of chitosan

frontiersin.org


https://doi.org/10.1080/17425247.2021.1872542
https://doi.org/10.1016/j.biomaterials.2020.119961
https://doi.org/10.3390/polym11081371
https://doi.org/10.1089/ten.TEC.2019.0136
https://doi.org/10.1089/ten.TEC.2019.0136
https://doi.org/10.2147/IJN.S305676
https://doi.org/10.2147/IJN.S305676
https://doi.org/10.1016/j.ijpharm.2017.07.065
https://doi.org/10.1016/j.ijpharm.2021.120900
https://doi.org/10.1016/j.ijpharm.2021.120900
https://doi.org/10.3390/molecules24162929
https://doi.org/10.1002/med.21509
https://doi.org/10.1002/med.21509
https://doi.org/10.1016/S0140-6736(18)31550-2
https://doi.org/10.1080/02713683.2021.1929328
https://doi.org/10.1080/02713683.2021.1929328
https://doi.org/10.3390/molecules25194377
https://doi.org/10.3389/fphys.2018.01008
https://doi.org/10.3389/fphys.2018.01008
https://doi.org/10.1016/j.micpath.2017.11.043
https://doi.org/10.1016/j.micpath.2017.11.043
https://doi.org/10.2147/IJN.S198353
https://doi.org/10.1158/1078-0432.CCR-04-2482
https://doi.org/10.2174/1381612827666210804100303
https://doi.org/10.3390/ijms22010385
https://doi.org/10.3390/ijms22010385
https://doi.org/10.1016/j.biopha.2018.08.138
https://doi.org/10.1016/j.biopha.2018.08.138
https://doi.org/10.1007/s41061-019-0278-8
https://doi.org/10.1007/s41061-019-0278-8
https://doi.org/10.1038/s41598-019-42324-5
https://doi.org/10.1016/j.jhepr.2020.100198
https://doi.org/10.1002/dmrr.1075
https://doi.org/10.1007/s12011-020-02556-3
https://doi.org/10.1007/s12011-020-02556-3
https://doi.org/10.1177/0885328220977605
https://doi.org/10.1016/j.carbpol.2021.118217
https://doi.org/10.1038/srep37762
https://doi.org/10.1016/j.jconrel.2022.03.031
https://doi.org/10.1167/iovs.12-10743
https://doi.org/10.1016/j.exer.2020.108115
https://doi.org/10.1016/j.nano.2011.06.016
https://doi.org/10.1088/0957-4484/21/3/035102
https://doi.org/10.2174/1570159X15666170705101910
https://doi.org/10.2174/1570159X15666170705101910
https://doi.org/10.4149/BLL_2019_065
https://doi.org/10.4149/BLL_2019_065
https://doi.org/10.3389/fcell.2021.696668
https://doi.org/10.3389/fcell.2021.696668
https://doi.org/10.2174/1872211314666191224115211
https://doi.org/10.2147/IJN.S244785
https://doi.org/10.1016/j.ijantimicag.2016.11.011
https://doi.org/10.1080/10590500802708267
https://doi.org/10.1021/acs.analchem.1c01108
https://doi.org/10.1021/acsbiomaterials.0c01347
https://doi.org/10.1021/acsbiomaterials.0c01347
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931759

Yang et al.

nanoparticles (ChNP). J. Microbiol. Biotechnol. 29 (7), 1009-1013. doi:10.4014/jmb.
1904.04065

Salas-Ambrosio, P. J., Bernad-Bernad, M. J., Linares-Alba, M. A., Garcia-
Santisteban, R., Tonix-Aburto, L. A., Ornelas-Lobato, G. J., et al. (2021).
Toxicity evaluation of a novel rapamycin liposomal formulation after
subconjunctival and intravitreal injection. J. Ocul. Pharmacol. Ther. 37 (5),
261-276. doi:10.1089/jop.2020.0108

Samimi, M. S., Mahboobian, M. M., and Mohammadi, M. (2021). Ocular toxicity
assessment of nanoemulsion in-situ gel formulation of fluconazole. Hum.
Exp. Toxicol. 40 (12), 2039-2047. doi:10.1177/09603271211017314

Santana, C. P., Mansur, A. A. P., Mansur, H. S, and Silva-Cunha, A. D., Jr. (2020).
Bevacizumab-conjugated quantum dots: In vitro antiangiogenic potential and
biosafety in rat retina. J. Ocul. Pharmacol. Ther. 36 (6), 467-483. doi:10.1089/
jop.2019.0108

Sarwat, S., Stapleton, F., Willcox, M., and Roy, M. (2019). Quantum dots in
ophthalmology: A literature review. Curr. Eye Res. 44 (10), 1037-1046. doi:10.1080/
02713683.2019.1660793

Scheive, M., Yazdani, S., and Hajrasouliha, A. R. (2021). The utility and risks of
therapeutic nanotechnology in the retina. Ther. Adv. Ophthalmol. 13, 1. doi:10.
1177/25158414211003381

Schnichels, S., Hurst, J., de Vries, J. W., Ullah, S., Gruszka, A., Kwak, M., et al.
(2020). Self-assembled DNA nanoparticles loaded with travoprost for glaucoma-
treatment. Nanomedicine 29, 102260. doi:10.1016/j.nano.2020.102260

Sharma, N., Bagga, B,, Singhal, D., Nagpal, R, Kate, A., Saluja, G., et al. (2022).
Fungal keratitis: A review of clinical presentations, treatment strategies and
outcomes. Ocul. Surf. 24, 22-30. doi:10.1016/.jt0s.2021.12.001

Shayani Rad, M., Sabeti, Z., Mohajeri, S. A., and Fazly Bazzaz, B. S. (2020).
Preparation, characterization, and evaluation of zinc oxide nanoparticles
suspension as an antimicrobial media for daily use soft contact lenses. Curr. Eye
Res. 45 (8), 931-939. doi:10.1080/02713683.2019.1705492

Shi, H., Ding, J., Chen, C., Yao, Q., Zhang, W., Fu, Y., et al. (2021). Antimicrobial
action of biocompatible silver microspheres and their role in the potential treatment
of fungal keratitis. ACS Biomater. Sci. Eng. 7 (11), 5090-5098. doi:10.1021/
acsbiomaterials.1c00815

Singh, M., Bharadwaj, S., Lee, K. E,, and Kang, S. G. (2020). Therapeutic
nanoemulsions in ophthalmic drug administration: Concept in formulations and
characterization techniques for ocular drug delivery. J. Control. Release 328,
895-916. doi:10.1016/j.jconrel.2020.10.025

Singh, R., Batoki, J. C., Ali, M., Bonilha, V. L., and Anand-Apte, B. (2020).
Inhibition of choroidal neovascularization by systemic delivery of gold
nanoparticles. Nanomedicine 28, 102205. doi:10.1016/j.nano0.2020.102205

Singh, T. A, Sharma, A., Tejwan, N., Ghosh, N., Das, J,, Sil, P. C,, et al. (2021). A
state of the art review on the synthesis, antibacterial, antioxidant, antidiabetic and
tissue regeneration activities of zinc oxide nanoparticles. Adv. Colloid Interface Sci.
295, 102495. doi:10.1016/j.¢is.2021.102495

Soderstjerna, E., Bauer, P., Cedervall, T., Abdshill, H., Johansson, F.,
Johansson, U. E., et al. (2014). Silver and gold nanoparticles exposure to
in vitro cultured retina--studies on nanoparticle internalization, apoptosis,
oxidative stress, glial- and microglial activity. PLoS One 9 (8), ¢105359. doi:10.
1371/journal.pone.0105359

Song, H. B., Wi, ]. S., Jo, D. H., Kim, J. H., Lee, S. W., Lee, T. G., et al. (2017).
Intraocular application of gold nanodisks optically tuned for optical coherence
tomography: Inhibitory effect on retinal neovascularization without
unbearable toxicity. Nanomedicine 13 (6), 1901-1911. doi:10.1016/j.nano.
2017.03.016

Sonmez, K., and Ozturk, F. (2012). Complications of intravitreal triamcinolone
acetonide for macular edema and predictive factors for intraocular pressure
elevation. Int. J. Ophthalmol. 5 (6), 719-725. doi:10.3980/j.issn.2222-3959.2012.
06.13

Srinivasarao, D. A, Lohiya, G., and Katti, D. S. (2019). Fundamentals, challenges,
and nanomedicine-based solutions for ocular diseases. Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 11 (4), e1548. doi:10.1002/wnan.1548

Sun, J. G, Jiang, Q., Zhang, X. P., Shan, K, Liu, B. H., Zhao, C,, et al. (2019).
Mesoporous silica nanoparticles as a delivery system for improving antiangiogenic
therapy. Int. J. Nanomedicine 14, 1489-1501. doi:10.2147/IJN.S195504

Suri, R,, Neupane, Y. R,, Mehra, N,, Jain, G. K., and Kohli, K. (2020). Sirolimus
loaded polyol modified liposomes for the treatment of Posterior Segment Eye
Diseases. Med. Hypotheses 136, 109518. doi:10.1016/j.mehy.2019.109518

Suri, R, Neupane, Y. R,, Mehra, N., Nematullah, M., Khan, F., Alam, O,, et al.
(2021). Sirolimus loaded chitosan functionalized poly (lactic-co-glycolic acid)
(PLGA) nanoparticles for potential treatment of age-related macular
degeneration. Int. J. Biol. Macromol. 191, 548-559. doi:10.1016/j.ijbiomac.2021.
09.069

Frontiers in Molecular Biosciences

10.3389/fmolb.2022.931759

Swetledge, S., Jung, J. P, Carter, R, and Sabliov, C. (2021). Distribution of
polymeric nanoparticles in the eye: Implications in ocular disease therapy.
J. Nanobiotechnology 19 (1), 10. doi:10.1186/512951-020-00745-9

Tisi, A., Feligioni, M., Passacantando, M., Ciancaglini, M., and Maccarone,
R. (2021). The impact of oxidative stress on blood-retinal barrier physiology
in age-related macular degeneration. Cells 10 (1), E64. doi:10.3390/
cells10010064

Tisi, A., Flati, V., Delle Monache, S., Lozzi, L., Passacantando, M., Maccarone, R.,
et al. (2020). Nanoceria particles are an eligible candidate to prevent age-related
macular degeneration by inhibiting retinal pigment epithelium cell death and
autophagy alterations. Cells 9 (7), E1617. doi:10.3390/cells9071617

Tisi, A., Passacantando, M., Lozzi, L., Riccitelli, S., Bisti, S., and Maccarone, R.
(2019). Retinal long term neuroprotection by Cerium Oxide nanoparticles after an
acute damage induced by high intensity light exposure. Exp. Eye Res. 182, 30-38.
doi:10.1016/j.exer.2019.03.003

Tsirouki, T., Dastiridou, A., Symeonidis, C., Tounakaki, O., Brazitikou, I,
Kalogeropoulos, C., et al. (2018). A focus on the epidemiology of uveitis. Ocul.
Immunol. Inflamm. 26 (1), 2-16. doi:10.1080/09273948.2016.1196713

Ung, L., Pattamatta, U., Carnt, N., Wilkinson-Berka, J. L., Liew, G., White, A.]. R.,
et al. (2017). Oxidative stress and reactive oxygen species: A review of their role in
ocular disease. Clin. Sci. 131 (24), 2865-2883. doi:10.1042/CS20171246

Vaneev, A., Tikhomirova, V., Chesnokova, N., Popova, E., Beznos, O., Kost, O.,
etal. (2021). Nanotechnology for topical drug delivery to the anterior segment of the
eye. Int. J. Mol. Sci. 22 (22), 12368. d0i:10.3390/ijms222212368

Wang, L., Chen, C,, Guo, L., Li, Q, Ding, H., Bi, H,, et al. (2018). Zinc oxide
nanoparticles induce murine photoreceptor cell death via mitochondria-related
signaling pathway. Artif. Cells Nanomed. Biotechnol. 46 (Suppl. 1), 1102-1113.
doi:10.1080/21691401.2018.1446018

Wang, R., Gao, Y., Liu, A, and Zhai, G. (2021). A review of nanocarrier-mediated
drug delivery systems for posterior segment eye disease: Challenges analysis and
recent advances. J. Drug Target. 29 (7), 687-702. doi:10.1080/1061186X.2021.
1878366

Wang, R, Song, B., Wu, J., Zhang, Y., Chen, A., Shao, L., et al. (2018). Potential
adverse effects of nanoparticles on the reproductive system. Int. J. Nanomedicine 13,
8487-8506. doi:10.2147/IJN.S170723

Wang, T., Fan, Q., Hong, J., Chen, Z., Zhou, X., Zhang, J., et al. (2021).
Therapeutic nanoparticles from grape seed for modulating oxidative stress.
Small 17, €2102485. doi:10.1002/smll.202102485

Wang, Z., and Wang, Z. (2020). Nanoparticles induced embryo-fetal toxicity.
Toxicol. Ind. Health 36 (3), 181-213. doi:10.1177/0748233720918689

Wong, C. W., Wong, E., Metselaar, J. M., Storm, G., and Wong, T. T. (2022).
Liposomal drug delivery system for anti-inflammatory treatment after cataract
surgery: A phase I/II clinical trial. Drug Deliv. Transl. Res. 12 (1), 7-14. doi:10.1007/
$13346-021-00912-x

Wu, M., Wang, S., Wang, Y., Zhang, F., and Shao, T. (2020). Targeted delivery of
mitomycin C-loaded and LDL-conjugated mesoporous silica nanoparticles for
inhibiting the proliferation of pterygium subconjunctival fibroblasts. Exp. Eye
Res. 197, 108124. doi:10.1016/j.exer.2020.108124

Wu, W,, Yan, L., Wu, Q., Li, Y., Li, Q., Chen, S., et al. (2016). Evaluation of the
toxicity of graphene oxide exposure to the eye. Nanotoxicology 10 (9), 1329-1340.
doi:10.1080/17435390.2016.1210692

Xu, L., Xu, X., Chen, H., and Li, X. (2013). Ocular biocompatibility and tolerance
study of biodegradable polymeric micelles in the rabbit eye. Colloids Surf. B
Biointerfaces 112, 30-34. doi:10.1016/j.colsurfb.2013.06.047

Yadav, K. S., Rajpurohit, R., and Sharma, S. (2019). Glaucoma: Current treatment
and impact of advanced drug delivery systems. Life Sci. 221, 362-376. doi:10.1016/j.
1£s.2019.02.029

Yang, J., Gong, X,, Fang, L., Fan, Q.,, Cai, L., Qiu, X,, et al. (2017). Potential of
CeCl(3)@mSiO(2) nanoparticles in alleviating diabetic cataract development and
progression. Nanomedicine 13 (3), 1147-1155. doi:10.1016/j.nan0.2016.12.021

Yang, ], Liu, J., Wang, P., Sun, J., Lv, X, Diao, Y., et al. (2021). Toxic effect of
titanium dioxide nanoparticles on corneas in vitro and in vivo. Aging (Albany NY)
13 (4), 5020-5033. doi:10.18632/aging.202412

Yu, F., Zheng, M., Zhang, A. Y., and Han, Z. (2019). A cerium oxide loaded glycol
chitosan nano-system for the treatment of dry eye disease. J. Control. Release 315,
40-54. doi:10.1016/j.jconrel.2019.10.039

Yu, S. Y., Damico, F. M., Viola, F., D’Amico, D. J., and Young, L. H. (2006).
Retinal toxicity of intravitreal triamcinolone acetonide: A morphological study.
Retina 26 (5), 531-536. doi:10.1097/00006982-200605000-00006

Zare, H., Ahmadi, S., Ghasemi, A., Ghanbari, M., Rabiee, N., Bagherzadeh, M.,
et al. (2021). Carbon nanotubes: Smart drug/gene delivery carriers. Int.
J. Nanomedicine 16, 1681-1706. doi:10.2147/IJN.5299448

frontiersin.org


https://doi.org/10.4014/jmb.1904.04065
https://doi.org/10.4014/jmb.1904.04065
https://doi.org/10.1089/jop.2020.0108
https://doi.org/10.1177/09603271211017314
https://doi.org/10.1089/jop.2019.0108
https://doi.org/10.1089/jop.2019.0108
https://doi.org/10.1080/02713683.2019.1660793
https://doi.org/10.1080/02713683.2019.1660793
https://doi.org/10.1177/25158414211003381
https://doi.org/10.1177/25158414211003381
https://doi.org/10.1016/j.nano.2020.102260
https://doi.org/10.1016/j.jtos.2021.12.001
https://doi.org/10.1080/02713683.2019.1705492
https://doi.org/10.1021/acsbiomaterials.1c00815
https://doi.org/10.1021/acsbiomaterials.1c00815
https://doi.org/10.1016/j.jconrel.2020.10.025
https://doi.org/10.1016/j.nano.2020.102205
https://doi.org/10.1016/j.cis.2021.102495
https://doi.org/10.1371/journal.pone.0105359
https://doi.org/10.1371/journal.pone.0105359
https://doi.org/10.1016/j.nano.2017.03.016
https://doi.org/10.1016/j.nano.2017.03.016
https://doi.org/10.3980/j.issn.2222-3959.2012.06.13
https://doi.org/10.3980/j.issn.2222-3959.2012.06.13
https://doi.org/10.1002/wnan.1548
https://doi.org/10.2147/IJN.S195504
https://doi.org/10.1016/j.mehy.2019.109518
https://doi.org/10.1016/j.ijbiomac.2021.09.069
https://doi.org/10.1016/j.ijbiomac.2021.09.069
https://doi.org/10.1186/s12951-020-00745-9
https://doi.org/10.3390/cells10010064
https://doi.org/10.3390/cells10010064
https://doi.org/10.3390/cells9071617
https://doi.org/10.1016/j.exer.2019.03.003
https://doi.org/10.1080/09273948.2016.1196713
https://doi.org/10.1042/CS20171246
https://doi.org/10.3390/ijms222212368
https://doi.org/10.1080/21691401.2018.1446018
https://doi.org/10.1080/1061186X.2021.1878366
https://doi.org/10.1080/1061186X.2021.1878366
https://doi.org/10.2147/IJN.S170723
https://doi.org/10.1002/smll.202102485
https://doi.org/10.1177/0748233720918689
https://doi.org/10.1007/s13346-021-00912-x
https://doi.org/10.1007/s13346-021-00912-x
https://doi.org/10.1016/j.exer.2020.108124
https://doi.org/10.1080/17435390.2016.1210692
https://doi.org/10.1016/j.colsurfb.2013.06.047
https://doi.org/10.1016/j.lfs.2019.02.029
https://doi.org/10.1016/j.lfs.2019.02.029
https://doi.org/10.1016/j.nano.2016.12.021
https://doi.org/10.18632/aging.202412
https://doi.org/10.1016/j.jconrel.2019.10.039
https://doi.org/10.1097/00006982-200605000-00006
https://doi.org/10.2147/IJN.S299448
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931759

Yang et al.

Zeng, Y., Li, M., Zou, T., Chen, X,, Li, Q, Li, Y., et al. (2021). The impact of
particulate matter (PM2.5) on human retinal development in hESC-derived retinal
organoids. Front. Cell Dev. Biol. 9, 607341. doi:10.3389/fcell.2021.607341

Zhang, F,, Chen, H,, Lan, ], Song, K., and Wu, X. (2021). Preparation and in vitro/in
vivo evaluations of novel ocular micelle formulations of hesperetin with glycyrrhizin as a
nanocarrier. Exp. Eye Res. 202, 108313. doi:10.1016/j.exer.2020.108313

Zhang, J., Jiao, J., Niu, M., Gao, X, Zhang, G., Yu, H,, et al. (2021). Ten years of
knowledge of nano-carrier based drug delivery systems in ophthalmology: Current

evidence, challenges, and future prospective. Int. . Nanomedicine 16, 6497-6530.
doi:10.2147/1JN.S329831

Zhang, Y., Ding, Z., Zhao, G., Zhang, T., Xu, Q., Cui, B,, et al. (2018a). Transcriptional
responses and mechanisms of copper nanoparticle toxicology on zebrafish embryos.
J. Hazard. Mat. 344, 1057-1068. doi:10.1016/j.jhazmat.2017.11.039

Zhang, Y., Wang, Z., Zhao, G., and Liu, J. X. (2018b). Silver nanoparticles affect
lens rather than retina development in zebrafish embryos. Ecotoxicol. Environ. Saf.
163, 279-288. doi:10.1016/j.ecoenv.2018.07.079

Frontiers in Molecular Biosciences

18

10.3389/fmolb.2022.931759

Zhao, G., Sun, H., Zhang, T., and Liu, J. X. (2020). Copper induce zebrafish retinal
developmental defects via triggering stresses and apoptosis. Cell Commun. Signal.
18 (1), 45. doi:10.1186/s12964-020-00548-3

Zhao, N, Gui, X, Fang, Q., Zhang, R., Zhu, W, Zhang, H., et al. (2022). Graphene
quantum dots rescue angiogenic retinopathy via blocking STAT3/Periostin/ERK
signaling. J. Nanobiotechnology 20 (1), 174. doi:10.1186/s12951-022-01362-4

Zheng, Q., Fang, Y., Zeng, L., Li, X, Chen, H, Song, H., et al. (2019).
Cytocompatible cerium oxide-mediated antioxidative stress in inhibiting ocular
inflammation-associated corneal neovascularization. J. Mat. Chem. B 7 (43),
6759-6769. doi:10.1039/c9tb01066a

Zhou, Y., Li, L,, Li, S,, Li, S, Zhao, M., Zhou, Q,, et al. (2019). Autoregenerative
redox nanoparticles as an antioxidant and glycation inhibitor for palliation of
diabetic cataracts. Nanoscale 11 (27), 13126-13138. d0i:10.1039/c9nr02350j

Zhu, S., Gong, L., Li, Y., Xu, H., Gu, Z,, Zhao, Y., et al. (2019). Safety assessment of
nanomaterials to eyes: An important but neglected issue. Adv. Sci. 6 (16), 1802289.
doi:10.1002/advs.201802289

frontiersin.org


https://doi.org/10.3389/fcell.2021.607341
https://doi.org/10.1016/j.exer.2020.108313
https://doi.org/10.2147/IJN.S329831
https://doi.org/10.1016/j.jhazmat.2017.11.039
https://doi.org/10.1016/j.ecoenv.2018.07.079
https://doi.org/10.1186/s12964-020-00548-3
https://doi.org/10.1186/s12951-022-01362-4
https://doi.org/10.1039/c9tb01066a
https://doi.org/10.1039/c9nr02350j
https://doi.org/10.1002/advs.201802289
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931759

	Nanoparticles in ocular applications and their potential toxicity
	1 Introduction
	2 Nanoparticle application in ocular diseases
	2.1 Carriers for ophthalmic drugs
	2.1.1.1 Polymer nanoparticles
	2.1.1.2 Nanomicelles
	2.1.1.3 Liposomes
	2.1.1.4 Quantum dots
	2.1.1.5 Nanoemulsion
	2.1.1.6 Hybridized nanoparticles
	2.1.2 Inorganic nanoparticles
	2.1.2.1 Silica nanoparticles
	2.1.2.2 Gold nanoparticles
	2.1.2.3 Carbon nanotubes

	2.2 Ophthalmology assisted diagnosis
	2.2.1 Increase the resolution of the image
	2.2.2 Auxiliary cell localization
	2.2.3 Others


	3 The function of nanoparticles in ocular disease treatment
	3.1 Antioxidation (oxidative stress-related eye diseases)
	3.2 Anti-inflammation (inflammation-related eye diseases)
	3.3 Anti-angiogenesis (angiogenesis-related eye diseases)
	3.4 Antibiotic action (microbial-related eye diseases)

	4 Toxic effects of nanoparticles on eyes
	4.1 Effect of organic nanoparticles on the eye
	4.1.1 Polymer nanoparticles
	4.1.2 Nanomicelles
	4.1.3 Liposomes
	4.1.4 Quantum dots
	4.1.5 Nanoemulsion

	4.2 Effect of inorganic nanoparticles on the eye
	4.2.1 Gold nanoparticles
	4.2.2 Silver nanoparticles
	4.2.3 Copper nanoparticles
	4.2.4 Cerium oxide nanoparticles
	4.2.5 Titanium oxide nanoparticles
	4.2.6 Zinc oxide nanoparticles
	4.2.7 Silica nanoparticles
	4.2.8 Carbon nanoparticles


	5 Challenge and future
	5.1 Chronic nanoparticles toxicology
	5.2 The human 3D model
	5.3 Evaluation of developmental toxicity

	6 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


