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Abstract: The clinical application of nanotechnology in medicine is promising for therapeutic,
diagnostic, and surgical improvements in the near future. Nanotechnologies in nano-
ophthalmology are in the early stages of application in clinical contexts, including ocular

drug and gene delivery systems addressing eye disorders, particularly retinopathies. Retinal
diseases are challenging to treat as current interventions, such as intravitreal injections, are
limited by their invasive nature. This review examines nanotechnological approaches to retinal
diseases in a clinical context. Nanotechnology has the potential to transform pharmacological
and surgical interventions by overcoming limitations posed by the protective anatomical and
physiological barriers that limit access to the retina. Preclinical research in the application of
nanoparticles in diagnostics indicates that nanoparticles can enhance existing diagnostic and
screening tools to detect diseases earlier and more easily and improve disease progression

monitoring precision.
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Introduction

Nanotechnology has the potential to be applied
within medicine -3 overall and in the field of oph-
thalmology* % to improve the safety and efficacy
of current clinical practices. Gaining access to the
retina is particularly challenging due to its anat-
omy and physiology.

The retina, the innermost layer of the eye, extends
across the posterior two-thirds of the eye and con-
tains protective inner and outer blood-retinal bar-
riers (BRBs).”? Nanomaterials can be designed
with characteristics and properties that allow
them to cross the BRBs when delivered by topical
installation or targeted intraocular injections.!°

Several nanomaterials can improve the safety and
efficacy of current treatments, therapies, and sur-
gical procedures for retinal diseases and improve
the detection speed and accuracy of retinal dis-
ease diagnoses. Drug delivery systems using
nanomaterials in i vitro and in vivo models have
been advantageous over other drug delivery sys-
tems due to efficacy and safety profile improve-
ments. Nanomaterial-based delivery systems have

demonstrated increased bioavailability, prolonged
release, and reduced dosing or injection frequency
relative to other delivery methods.!1-13

Without early intervention that is effective and
safe, retinal diseases can have progressive, visually
debilitating consequences, including blindness.
Two of the leading global causes of moderate to
severe vision impairment, age-related macular
degeneration (AMD) and diabetic retinopathy
(DR), are retinal diseases.!* Retinopathy of pre-
maturity (ROP) and other retinal diseases are
among the leading causes of preventable blind-
ness in children.?’

Types of retinopathies with limited treatment
options that could most benefit from advances in
nanotechnology range from retinal degeneration,
including retinitis pigmentosa (RP), AMD, and
Stargardt disease, to retinal neovascularization,
including DR, which can cause tractional retinal
detachment.!%-1° The standard procedure for treat-
ing pathological neovascularization is laser photo-
coagulation and a series of intravitreal injections of
anti-vascular endothelial growth factor (VEGF)

Ther Adv Ophthalmol
2021, Vol. 13: 1-16

DOI: 10.1177/
25158414211003381

© The Authorl(s), 2021.
Article reuse guidelines:
sagepub.com/journals-
permissions

Correspondence to:

Amir R. Hajrasouliha
Assistant Professor of
Ophthalmology, Eugene
and Marilyn Glick Eye
Institute, Department of
Ophthalmology, Indiana
University School of
Medicine, 1160 W Michigan
St., Indianapolis, IN 46202,
USA

amhajras(diu.edu

Melanie Scheive

Indiana University School
of Medicine, Indianapolis,
IN, USA

Saeed Yazdani

Indiana University-Purdue
University Indianapolis,
Indianapolis, IN, USA

journals.sagepub.com/home/oed

@ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
@ (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


http://journals.sagepub.com/home/oed
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:amhajras@iu.edu

Therapeutic Advances in Ophthalmology 13

)
(0]
=
(]
+—
(¢0)
£
(@)
(=
(g°)
=,

Il Amphiphilic ]
molecules

Metals

Liposomes

Nanomicelles

Silver

(1)Chitosan

Gelatin

(1)Polyethylemine

Poly L-lysine

m Polysaccharide Polyglycolicacid

Small chemical
compounds

Poly-lacticacid

Poly-lactic-co-
glycolicacid

Cerium oxide

Dendrimers
m 2)Hyaluronicacid

Hydrogels

Nanospheres

[

o
=

Silicate

a)Solid lipid

Figure 1. Nanomaterials by category. Most of the nanomaterials that have
been studied for retinal disease applications are either made of amphiphilic
molecules, metals, or polymers. The small chemical compound polymers
with studied applications in drug and gene delivery were further classified.

antibodies. This treatment effectively slows or pre-
vents neovascularization. However, the laser
destroys peripheral retinal tissue, causing discom-
fort. The repeated intravitreal injections that are
often required increase the risk for endophthalmi-
tis and retinal detachment. Slow-release medica-
tions or gene therapy using nanoparticles can
reduce these side effects.?? Therapeutic interven-
tions involving nanoparticles can target contribu-
tors to retinopathy pathogenesis such as retinal

inflammation.?! Nanomaterials also show promise
for improvements and innovations in diagnostic
and screening tests and surgical interventions.

Opverall, systemic and local nanotoxicity side
effects are limited compared with other treatment
strategies. However, nanoparticle concentration!4
and size %15 significantly contribute to their neu-
ronal and ocular side effect profile. These nano-
toxicities affect the continued development of
nanomaterial applications for retinal diseases.

Nanomaterials of interest in retinal
applications

The structural profile of nanomaterials signifi-
cantly impacts their function, safety, and efficacy
in retinal applications. Nanomaterials such as
liposomes and nanomicelles have been used to
deliver drugs and genes to the retina using various
routes, including topical delivery and injections.
Retinal delivery and its challenges introduced in
this section are further discussed in the proceed-
ing section.

The specific characteristics of nanomaterials,
including material type, shape, size, and concen-
tration, determine their effect on the retina and
affect their efficacy and safety. Figure 1 visually
organizes the amphiphilic molecules, metal-based
nanomaterials, polymer-based nanomaterials,
and other nanomaterials discussed herein that
have shown promise for retinal clinical applica-
tions. This section will discuss the characteristics,
potential retinal uses, administration route(s),
and associated toxicities for each nanomaterial
type studied in the retina.

Amphiphilic molecules

One area of application for nanomaterials in the
retina involves nano-based delivery systems of
drugs or genes. The specific properties of the
nanomaterials are vital to developing a nanomate-
rial capable of overcoming retinal barriers. Several
researchers have studied the amphiphilic nanoma-
terials of liposomes and nanomicelles due to their
ability to overcome retinal barriers and deliver
therapeutic materials in a targeted approach.%22

Liposome-based delivery. Liposomes are comprised
of amphiphilic molecules, specifically phospholip-
ids and sterols, with a spherical shape similar to
that of a cell membrane. Phospholipids have hydro-
philic heads with two nonpolar hydrophobic chains
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that form membranes. This structure provides the
versatility to carry both hydrophilic and hydropho-
bic drugs and to be modified with carbohydrates or
surface polymers to enable targeted delivery.23

The exact physiochemical properties of the lipo-
somal membranes, along with their composition,
charge, size, and organization, determine their
ability to stably carry therapeutic compounds
with limited solubility and absorption capabili-
ties. Liposome-based drug delivery systems are
well-characterized as they have been studied
since 1960.2! These systems have desirable bio-
compatibility and biodegradable properties as
well as improved retention and permeability.
Liposomes with polyethylene glycol (PEG)
incorporated within the surface, in addition to
other modifications, are being examined as a
treatment for choroidal neovascularization via
intravitreal administration.!%:24

In addition to carrying drugs, liposomes can be
modified to deliver genes to the retina. Both hori-
zontal and vertical transfection methods can con-
trol the delivery of genes i virro through magnetic
cationic liposomes to the retinal pigment epithe-
lium (RPE).?> In vivo delivery via topical eye
drops in rats has been explored for delivering
plasmid DNA to the RPE by modifying transfer-
rin on the surface of the liposome.26

Barriers to the successful delivery of liposomes
include opsonization, immunogenicity, and lim-
ited storage capacity.!»23 There have been attempts
to use liposomes to deliver genes to the posterior
aspect of the eye. However, liposomal instability
remains a hindrance for adequate delivery, and in
vivo targeted delivery of RPE protein 65 in mice
showed a transfection efficacy of only 50%.27

Nanomicelle-based delivery. Nanomicelles are
self-assembled amphoteric and amphiphilic mol-
ecules. They consist of a hydrophobic core, which
allows hydrophobic drugs to dissolve, along with
a hydrophilic shell, which allows delivery via a
clear, aqueous formation. Aqueous drops have
the potential to be delivered to all parts of the eye,
including the retina. Nanomicelles are promising
candidates for drug delivery because they can be
delivered through aqueous components of the eye
with less drug degradation and more drug perme-
ability throughout the ocular epithelial layers.
This allows for enhanced safety, bioavailability,
lower toxicity, limited irritation, and increased

administration convenience, leading to improved
patient compliance.28

For instance, nanomicelles composed of polyoxy-
ethylene hydrogenated castor oil 40 and octox-
ynol 40 have been used to carry anti-viral prodrugs
across ocular layers, including to the retina,
in vivo following topical administration. They dis-
play no cytotoxicity after 24h in vitro.2° Another
nanomicelle formulation involved combining
octoxynol 40 with vitamin E tocopherol PEG suc-
cinate to make a polymer loading rapamycin to
selectively reach the retina and choroid i vivo
without significant concentrations in the nearby
vitreous humor and with limited signs of cytotox-
icity in vitro.3°

Conjunctival/scleral injection of nanomicelles
appears more promising than intraocular injec-
tion as the hydrophilic portion of the nanoparticle
limits the ability of the drug to travel through the
cornea and the aqueous humor limits transport to
the lens. Using the conjunctival/scleral route,
nanomicelles made from non-ionic surfactants
were able to passively diffuse through the scleral
water channels to reach the retina.!%3! Cross-
linking the core of the nanomicelles with func-
tional groups or lowering the critical solution
temperature of the hydrogel for stabilization can
improve the duration and solubility of nanomicel-
lar drug delivery.28

Another delivery method under investigation is
intravenous administration. Polyion nanomicelles
with encapsulated fluorescein isothiocyanate-
labeled poly-L-lysine injected intravenously an
in vivo rat model of exudative AMD accumulated
around the lesion for 168h post-administration.
However, signs of toxicity indicate the need to
further evaluate the specific characteristics of
nanomicelles and their administration.??

Metal-based nanomaterials

Gold and silver nanoparticles have the unique
property of surface plasmon resonance that differ-
entiates them from other forms of nanoparticles.!
Silver nanoparticles have shown the potential to act
as antiangiogenic agents in treating retinal diseases
such as AMD. These nanoparticles demonstrated
enhanced bioavailability and anti-bacterial, anti-
fungal, anti-inflammatory, anti-permeability, and
anti-viral film capabilities. The anti-vasopermeability
of silver nanoparticles is useful for the vascular
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endothelial pathological component of some
retinal diseases such as ROP.?3 These anti-
vasopermeability effects can potentially block
ICAM-1 expression and reverse the biological
effects of advanced glycation end-products
implicated in DR and other vascular complica-
tions of diabetes.3*

Similarly, gold nanoparticles have demonstrated
anti-angiogenic and anti-inflammatory properties
to treat retinal diseases. In addition, they show
diagnostic potential as contrast agents for optical
coherence tomography (OCT) imaging of RPE
cells.35> Both silver and gold nanoparticles are
being assessed for toxic effects within the retina,
although the studies are limited. Most notably,
metal nanoparticles 20 and 80nm in diameter
were toxic to photoreceptor cells i vitro.3°

Polymer-based nanomaterials

A variety of polymer-based nanoparticles have
been assessed for their abilities to deliver drugs
and genes to the retina. These polymers include
albumin, hydrogels, chitosan (also known as hya-
luronic acid (HA)), and various small chemical
compounds.

The protein albumin can deliver peptides and
proteins to the retina. Limited toxicity, biodegra-
dability, and preference for uptake in inflamed
tissues and tumors are promising benefits of
albumin.37-38

Hydrogels contain biodegradable synthetic or
natural polymers with hydrophilic groups that
can absorb a large amount of water.3° They have
potential as retinal drug delivery agents due to
their ability to provide a sustained release of mate-
rial. The hydrophilic internal structure can hold
materials that are challenging to safely secure,
such as proteins, antibodies, and peptides.!! In a
DR rat model, a chitosan nanoparticle-based
hydrogel loaded with insulin had protective effects
on the retina’s vascular structure and permeabil-
ity following subconjunctival delivery.4?

HA, also known as chitosan, is a type of hydrogel
that can act as an electrostatic coating to deliver
drugs to the retina. Chitosan has been used to
coat nanoparticles carrying genes and drugs to
the retina for intravitreal and suprachoroidal
delivery due to its limited toxicity and biodegra-
dability.40-43 In vitro, HA has been coupled with
lipoplexes to intravitreally deliver gene therapy to

the retina.** HA used as a nanoparticle core, with
liposomes as the shell, has been utilized to target
the inflammatory activity of CD44 in the RPE via
intravitreal delivery in a rat model of posterior
uveitis.¥> Since the RPE is implicated in the
pathogenesis of inflammation, this may be a use-
ful model in pursuing therapies for other
retinopathies.

Small chemical molecules used as nonviral gene
carriers to the retina show therapeutic promise in
both i vivo and m vitro models when delivered
intravenously, intravitreally, or subretinally. Small
chemical compounds that have been examined
include poly-lactic acid (PLA), poly-lactic-co-
glycolic acid (PLGA), and polyglycolic acid
(PGA).26:40142,46:47 Qne future direction is to test
the hypothesis that PLGA nanoparticles i situ
can be delivered through injectable light-respon-
sive implants that deliver peptides to the posterior
segment of the eye.*8 Implants have the potential
to improve material delivery for longer periods
compared with traditional formations. The cur-
rent limitations of the procedure’s invasiveness
and the need to remove the implant could be
reduced using biodegradable implants.!!

Other nanomaterials

Several other nanomaterials show potential for
use in retinal clinical applications, including
nanospheres, dendrimers, hydrogels, solid lipids,
and nanomaterials containing cerium oxide and
silicate. These nanomaterials range in shape and
material type, allowing them to be used for spe-
cific purposes, such as drug delivery and gene
therapy.

Nanospheres are nanoparticles that are encapsu-
lated in polymer-based delivery systems. These
nanoparticles self-assemble to distribute the car-
ried substance uniformly throughout the poly-
mer, limiting the negative effects of tissue damage
and irritation. This is advantageous in compari-
son with the similarly shaped nanocapsules.
Nanocapsules are enclosed by a polymer shell to
produce materials of various sizes with less uni-
formity.* Nanospheres have the potential to be
delivered to the retina based on their size. Particles
with a diameter of 50 and 200 nm have been suc-
cessfully delivered to the retina in a rabbit
model.?

Dendrimers are tree-like polymers with many
branches for functional groups containing both
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inner and outer shells and a symmetrical core.
This structure allows for promising drug and gene
delivery applications.%® More specifically, polyam-
idoamine (PAMAM) dendrimers have been used
to deliver DR treatment dexamethasone (DEX) to
the retina in vivo via topical and subconjunctival
administration in a rat model. However, cytotoxic
effects observed in this delivery warrant further
study.3? They also have shown promise in target-
ing retinal microglia/macrophages in vivo through
intravenous and intravitreal administration. This
could be helpful in various conditions character-
ized by a prolonged immune response from retinal
dysregulation, such as AMD, DR, RP, and retinal
vein occlusion.’! The clearance of these dendrim-
ers in this mouse model of ischemia/reperfusion
injury was relatively rapid from non-target organs,
including the healthy eye, and relatively slow in
the target microglia/macrophages compared with
the half-life of currently available drugs such as
bevacizumab.>?

Solid lipid nanoparticles are composed of a solid
lipid core combined with surfactants for stabiliza-
tion. They have been promising candidates for
drug and gene delivery to the retina due to their
long-term stability, limited toxicity, economic
production without solvents at a large scale, steri-
lization capacity via autoclave, and biodegradabil-
ity.>3%%  Solid lipid nanoparticles delivered
nonviral gene vectors intravitreally to the RPE
and photoreceptors in a mouse model of X-linked
juvenile retinoschisis (XLRS).?> However, some
concerns must be addressed, including expulsion
of the drug during long-term storage and poten-
tial toxicities.>*

Cerium oxide nanoparticles, also known as
nanoceria, are nanocrystals from the rare earth
metal cerium and reduce retinal degeneration in
multiple animal models of both AMD and RP
through intravitreal delivery with long-term reten-
tion of 50% over 1 year after one administration.>®
In a murine study, one intravitreal injection of
nanoceria indicated sustained nanoceria in the
retina for more than 1year without signs of
inflammation or other side effects.’” In a rat
model of autosomal dominant RP, nanoceria
decreased rod cell apoptosis speed and retinal
lipid peroxidation. In these studies, nanoceria
demonstrated antioxidant properties that could
be beneficial in treating neovascularization.>6-58

Like cerium oxide, silicate demonstrates antian-
giogenic properties. Specifically, silicate-based

nanoparticles were studied in oxygen-induced
retinopathy mice that were given an intravitreal
injection. This inhibition of neovascularization
results from VEGF with no indication of retinal,
neural, or endothelial cell toxicity.2°

Nanoparticle route of delivery to the retina

The retina is challenging to access, complicating
therapeutic and diagnostic nanoparticle delivery
in retinal diseases. Current pharmacological
treatments of retinal diseases include monoclonal
antibodies and fusion proteins for wet AMD and
small molecules such as ganciclovir for cytomeg-
alovirus retinitis in immunocompromised indi-
viduals. These treatments have to be injected
either intravitreally or subretinally due to the
physical barriers that limit retinal access.!?
However, in a non-clinical setting, drugs can be
delivered to the retina via topical installation or
intravitreal, subconjunctival, subretinal, and
trans-scleral injection. These delivery methods
have unique mechanisms with different associ-
ated strengths and limitations in the context of
nanoparticle delivery.

Subconjunctival injection is an emerging and
less-invasive mode of delivery to the retina. The
multiple routes to reach the posterior segment of
the eye include trans-scleral diffusion, systemic
circulation via the choroid, and through the ante-
rior segment, including the tear film, cornea, and
both the aqueous and vitreous humor. Although
promising, the limitations of these routes involve
the multiple barriers to reach the retina and the
high drug washout. These limitations could be
overcome using nanoparticles to sustain delivery
and protect the delivered material from washout
and clearance.!!

The most convenient way to administer therapeu-
tic materials to the retina clinically is in topical
form. Topical delivery is particularly challenging
when delivering materials to the retina due to the
corneal and conjunctival epithelial barriers in the
anterior segment in addition to physiological pro-
cesses such as lacrimal drainage and tear forma-
tion. These factors greatly limit the bioavailability
of materials once they reach the retina, reducing
the therapeutic potential of this less-invasive
delivery mode.1? The challenges can potentially
be overcome using sustained drug release to over-
come the low bioavailability by focusing on pro-
longing corneal retention and enhancing drug
potency.!!
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The most used administration route, intravitreal
injection, has much higher, targeted, long-last-
ing bioavailability. Still, it is limited by invasive-
ness regarding the number of required injections
and discomfort during administration.>® Since
this route has the advantage of the proximity to
the target, unlike other delivery methods, the
focus should be on improving the sustainability
of delivery using nanoparticles to limit the need
for multiple invasive injections while ensuring
that the materials do not interfere with vision
based on their distribution.!! Overall, the ability
of therapeutic materials to overcome the barriers
to reaching the retina is predominantly depend-
ent on the formulations and properties of nano-
particle-based delivery systems to overcome
mechanistic limitations of the administrative
routes of delivery.

Barriers of delivery to the retina

The eye is made up of both an anterior and a pos-
terior segment, which contain barriers to admin-
istering therapeutic materials to the retina,
including the corneal and conjunctival epithe-
lium, blood-aqueous barriers (BABs), and BRBs.
In the anterior portion of the eye, the corneal and
conjunctival epithelium and the BAB act as barri-
ers to retinal delivery, especially via topical
administration. Mucins present in these layers
may play a role in the absorption of nanoparticles,
preventing their passage through these layers via
adhesion.%0 In the posterior portion of the eye, the
BRB serves as a hindrance to entry between the
nervous and circulatory systems through the two
cell types, retinal capillary endothelial cells and
RPE cells, which respectfully compose the inner
and outer BRBs.¢!

Characteristics of nanoparticles that enable
delivery to the retina

The physical and physiological barriers discussed
above can be overcome by considering the prop-
erties of nanoparticles, including their size, low
molecular weight, small diameter, and negative
charge. If the drug is potent enough, topical
administration barriers for retinal delivery, espe-
cially low bioavailability, could be overcome. For
example, rapamycin has been delivered to the
RPE in this manner using a nanomicelle-based
formulation in male New Zealand white rabbits.3?
In a transgenic murine model of retinoblastoma,
dendritic nanoparticles sustained the release of

carboplatin via subconjunctival delivery without
associated retinal toxicity.%2

The relatively small size of nanoparticles is benefi-
cial in overcoming retinal delivery barriers. Out of
the numerous delivery barriers, the RPE may be
considered the rate-limiting factor for delivering
hydrophilic or macromolecules via trans-scleral
administration, making the nanoparticle size more
important than other particle modalities. %3

The surface charge of nanoparticles considerably
impacts both the toxicity and integrity of the
BRB.®3 Anionic nanoparticles can penetrate all
layers of the retina, while cationic nanoparticles
get trapped in the vitreous humor without diffus-
ing.26 Similarly, intravitreal delivery of human
serum albumin nanoparticles penetrates the RPE
and subretinal space with an anionic but not a
cationic charge.%*

Therapy for retinal disease with

nanoparticles

Nanoparticles can be manipulated in various
ways to serve therapeutic purposes in the retina,
including for the delivery of genes and drugs and
for placement of injectable implants (Figure 2).
Nanoparticles can deliver genes and drugs to the
retina to treat diseases for which safe and effective
treatments remain elusive. Table 1 shows the
applications of nanoparticles for gene therapy,
drug delivery, diagnosis, and surgery. The over-
lap of nanoparticles used for gene therapy and
drug delivery applications is visually illustrated in
Figure 3. In addition to novel therapeutics, nano-
particles can also improve existing therapies, such
improving laser photocoagulation for inner retina
diseases to reduce thermal damage to the RPE
and photoreceptor layers.%>

A limited number of treatment options exist for
retinopathies. Each retinopathy requires a spe-
cific approach for clinical prevention, treatment,
and specific therapeutic targeting. Some retin-
opathies, such as AMD, are complex, multifacto-
rial, and most prevalent in the elderly. Others,
such as DR, are preventable and occur more
commonly in middle-aged people. Some retin-
opathies are genetically inherited and are without
available treatment options, such as Stargardt
disease and RP. Below, we discuss potential ther-
apeutic targets for retinopathies with limited
therapeutic options.
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Figure 2. Nanomaterials by application. Nanomaterials have been assessed for their diagnostic, therapeutic,

and surgical use in the retina.

Angiogenesis-related blindness and
neovascularization

Angiogenesis-related blindness is a complication
of neovascularization in numerous eye diseases,
including many in the retina and is among the
highest causes of irreversible blindness world-
wide.85 Current treatment options include sur-
gery, cryotherapy, laser photocoagulation, and
intravitreal anti-VEGF monoclonal antibody
injections, specifically for AMD. Complications
of these interventions include damage to healthy
retinal  tissue, retinal detachment, and
endophthalmitis.8¢

AMD is a progressive disease, which causes geo-
graphic atrophy and neovascularization in its late
stages to dramatically reduce central vision.®”
Only the exudative form can be treated using
laser photocoagulation, destroying some healthy
retinal tissue. AMD can be diagnosed with angi-
ography. As an alternative to invasive recurrent

intravitreal injection treatment, nonviral intrave-
nous gene therapy in a murine and primate AMD
model using nanoparticles appears promising.
The tripeptide adhesion motif Arg-Gly-Asp of
nanoparticles targeted choroidal neovasculariza-
tion with evidence of vision improvement and no
signs of toxicity.8? Although relatively more inva-
sive, intravitreal injection of nanoceria has been
studied for its ability to reduce oxidative stress in
AMD. For instance, nanoceria has been shown to
reduce microglial activation move to the retinal
outer nuclear layer 3 weeks after the exposure of
24h of 1000lux light in rats.®” This movement
through the retinal layers to reach the external
retina was demonstrated in rats, resulting in sup-
port of photoreceptors and RPE cells through the
neuroprotective property of this antioxidant.67-68
Another potential use of nanoparticles for wet
AMD involves gold nanoparticles computation-
ally studied using the Monte Carlo simulations to
enhance the dose of radiotherapy to macular
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Table 1. The Routes of Delivery, Applications, and Side Effects of Nanoparticles.

Type of nanoparticle

Route of delivery

Applicationl(s)

Side effects

Albumin
Carboplatin

Cerium oxide
(Nanoceria)
Chitosan (hyaluronic

acid)

Dendrimer

Gold

Hydrogel
Liposome
Nanomicelle
Nanosphere

Poly(beta-amino
ester)

Polyethylene glycol
(PEG)

Poly-lactic acid
(PLA)

Poly-lactic-co-
glycolic acid (PLGA)

Silicate

Solid lipid

Intravitreal,
suprachoroidal3®

Posterior sub—tenon, ¢
subconjunctivalé?

Intravitreal56-58.67.68.69

Intravitreal, 414445
subconjunctival,4
suprachoroidal43

Intravenous,®? intravitreal,?
subconjunctival,50.62
topical®®

Intravenous,3>.70
intravitreal, 371
subretinal3®72

Subconjunctival40
Intravitreal,23.2446.59 topical?
Intravenous,32 topical30:3!
Intravitreal

Subretinal”

Intravenous,’
subretinal75-79.80.81
Intravenous’

Intravenous,8?
intravitreal46.48.83.84

Intravitreal?0

Intravitreals3.55

Drug delivery

Drug delivery

Drug delivery

Drug delivery, gene therapy

Drug delivery

Biomarker, diagnostic
imaging, drug delivery,
implant, laser technology
Drug delivery

Drug delivery, gene therapy
Drug delivery

Drug delivery, gene therapy

Gene therapy

Drug delivery, gene therapy
Gene therapy

Drug delivery, gene

therapy, implant

Drug delivery, gene therapy
Drug delivery, gene therapy

No significant toxicities observed

No significant toxicities observed

No significant toxicities observed

No significant toxicities observed

Cytotoxic effects from cationic amine group

Neuronal toxicity from increased apoptosis,
oxidative stress, and microglial activation;
small diameter of 1.4nm showing oxidative
stress and mitochondrial damage

No significant toxicities observed

No significant toxicities observed

No significant toxicities observed

No significant toxicities observed

Less cytotoxicity than other available non-
viral gene delivery options

No significant toxicities observed

No significant toxicities observed

Limited toxicity from lactic and glycolic
acid production

No significant toxicities observed

No significant toxicities observed

endothelial cells while limiting the effects to sur-
rounding healthy tissue.88 In addition, materials
such as aB-crystallin with anti-apoptotic and
anti-inflammatory properties may be beneficial
for delivery to the human RPE using protein poly-
mer nanoparticles to enhance survival during oxi-
dative stress in AMD.8°

DR is the most common microvascular complica-
tion of diabetes mellitus. Secondary to macular
edema, DR is the leading cause of blindness and
visual impairment in the world. Like AMD, DR

can be diagnosed using digital fundus photogra-
phy and OCT.?7 Since nuclear transcription fac-
tor-kappa B (NF-kB) is key in angiogenesis
promotion for DR, two hyperbranched nanopar-
ticles of cationic polysaccharide derivatives with
equal amounts of cationic residues with differing
branching structures and molecular weights were
found to deliver siRNA to human RPE cells to
different degrees while silencing NF-kB.47
Nanoparticle-based methods, including gold
nanoparticles, PAMAM dendrimers and chitosan
with PGA-PGLA-PLA hydrogel, or PLGA, are
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promising candidates to deliver drugs or other
therapeutic materials, such as interleukin-12 for
the treatment of DR, to the retina, based on rat
models.40:50:83,70 (Gold nanoparticles with resvera-
trol also showed signs of reducing retinal inflam-
mation by repressing NF-kB.70

For chronic diabetic macular edema, specifically,
a prospective, randomized control clinical trial
was performed in 22 patients to assess the efficacy
of a topically delivered DEX gamma-cyclodextrin
nanoparticle eye drop treatment compared with
posterior sub-tenon triamcinolone acetonide
administration. The nanoparticle-based treat-
ment had a similar therapeutic effect with the
noted adverse effect of increased intraocular pres-
sure upon treatment discontinuation compared
with the control.®®

ROP is prevalent in the population of premature
and low birth weight infants, with some treatment
options available, including laser therapy and cry-
otherapy, depending on the severity. The treat-
ment carries a risk of retinal detachment requiring
surgery to repair.8’

Several different forms of nanoparticles show
promising antiangiogenic effects, including ani-
onic peptides that conjugate with Fltl peptide
and hyaluronate,®! nanoceria,’® conjugate with
PAMAM and triamcinolone acetonide,®? doxoru-
bicin-PEG-poly(sebacic acid),?® folate-PEG-b-
polycaprolactone,® gold,> PLGA,8 silicate,20
and silver.%% These effects have the potential to be
induced under specific biologic conditions perti-
nent to laser coagulation treatment in the retina
through intravenous’® or intravitreal delivery.®>
Liposomes with gold nanoparticles were cytosoli-
cally delivered in the biologic conditions of light-
induced heat at an acidic pH.%> In addition,
nanoparticles have the potential to target retinal
capillary endothelial cells to limit damage to sur-
rounding structures, as demonstrated using
ligand-modified quantum dots (QDs) in rats
delivered intravenously.8¢

Retinal degeneration

Retinal degeneration is a complication of AMD
and DR and a characteristic of inherited condi-
tions, including Stargardt disease, RP, Leber’s
congenital amaurosis, and XILLRS. The accumula-
tion of reactive oxygen species (ROS) in retinal
degeneration is a possible mechanism that leads
to cell death and blindness due to stress on
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Figure 3. Nanomaterials for use in gene therapy and drug delivery. The
three-dimensional structures of nanomaterials examined for use in retinal
gene therapy and/or drug delivery are shown. Not shown but discussed

in the review are emerging nanoparticles for retinal applications which
include nanodiscs and nanorods for diagnostics and nanopropellers for

surgical interventions.

photoreceptor cells. This is a target of nanoparticle
intervention using the antioxidative properties of
nanoceria via intravitreal injection in rat models
that have shown reductions in ROS damage across
the retinal layers after light damage.56:67-69

For AMD and DR, a rat model of retinal degen-
eration using bioactive magnetic iron oxide/
human serum albumin nanoparticles upon supra-
choroidal injection allowed nanoparticles to selec-
tively enter the posterior segment based on
tracking with magnetic resonance imaging. The
lack of toxicity shown is promising for use in
extended drug delivery.38

There are no available treatments for inherited
retinal degeneration. Nanoparticles are a promis-
ing novel therapeutic tool for gene delivery in
these disorders. The most promising application
of nanoparticles for treating genetic forms of reti-
nal degeneration is non-viral gene therapy, which
has benefits over adeno-associated viruses due to
larger vector capacity and localization to the eye
instead of additional neural visual pathways.”>
Nanoparticles made of conjugated forms of
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PEG,76-7° chitosan with glycol*! or lipid,** and
poly(beta-amino ester)’> are being assessed
in vivo and in virro for use in retinal gene delivery.
For instance, nanoparticles with PEG conjugated
to glial cell line-derived neurotrophic factor and a
synthetic peptide injected into the murine sub-
retinal space have been shown to reduce apopto-
sis approximately four to eight folds more than in
controls with increased outer nuclear layer
thickness.””

Among inherited forms, Stargardt disease is a
leading cause of inherited visual impairment and
the most common macular dystrophy in children
and adults. The condition is autosomal recessive
with a heterogeneous phenotype and genotype
that can be diagnosed using fundus autofluores-
cence. Although there are no effective treatment
options, clinical trials are in progress for gene
replacement therapy, pharmacotherapy, and stem
cell therapy.18:87 DNA nanoparticles are promis-
ing nonviral delivery options to carry large genes
that are too large to be carried with other meth-
ods. For instance, in mice, 30-mer cationic poly-
lysine nanoparticles conjugated with 10kDa PEG
(CK30-PEG-10 K) were able to deliver adeno-
sine triphosphate (ATP)-binding cassette, sub-
family A, member 4 (ABCA4) subretinally to a
similar extent compared with two recombinant
adeno-associated virus delivery systems undergo-
ing clinical trials and effective for ocular delivery,
respectively.”®

Like Stargardt disease, RP is marked by a hetero-
geneous genotype but with a specific phenotype of
progressive photoreceptor dysfunction. CK30-
PEG-10 K nanoparticles carrying opsin promoter
and wild-type Rds gene in mice were delivered to
the photoreceptor outer segment with signs of
structural improvement and cones functioning at
control levels without inducing an acute inflam-
matory response.8%:81 Another area of exploration
to treat photoreceptor cell degeneration involves
nanoparticle-based light-responsive therapeutics.
Examples include cadmium sulfide QD-coated
lenses to convert ultraviolet to visible light in
zebrafish®? and the subretinal implant of gold nan-
oparticle-decorated titania nanowire in mice.”?

XLRS is a leading cause of male macular degen-
eration involving mutations in the RSI gene
encoding retinoschisin, which causes this protein
to be completely absent in the retina in most
forms. Solid lipid nanoparticles containing HA

were delivered to RS h-deficient mice via intra-
vitreal injection to retinal photoreceptor cells at a
higher transfection rate in the RPE and inner
nuclear layer than amine and dextran, and both
experimental groups demonstrated a reduction in
both cystic cavity photoreceptor cell loss.>>

An area of future exploration involves the use of
biodegradable nanoscaffolds to deliver retinal
progenitor cells to repair or replace diseased or
damaged retinal cells or tissue during the degen-
erative process. Nanowires in the retina could be
used similarly to catheters placing stents to deter-
mine if the retinal ganglion cells (RGCs) are
viable.%8

Retinal tumor formation

The use of nanoparticles to treat tumor formation
in retinoblastoma is under investigation. Although
treatments for retinoblastoma exist through cryo-
therapy, photocoagulation, intravenous and intra-
arterial chemotherapy, and orbital radiation as
well as enucleation in more severe cases, there are
no less-invasive drug delivery options availa-
ble.87:99 Transferrin glycoprotein-coated mag-
netic nanoparticles were able to raise the
temperature at the BRB in an animal model. The
nanoparticles were first injected intravenously
with sodium fluorescein or Evans blue dye into
the left common carotid artery. The nanoparticles
were then determined to cross the BRB and could
be recovered after the thermal stress. However,
this approach’s safety profile is unclear and
depends on optimizing the magnetic properties
appropriate for the hyperthermia procedure.%?

The treatment of advanced intraocular retino-
blastoma remains challenging. A more targeted
carboplatin chemotherapy would allow for greater
tumor control. A small prospective, double-
blinded, interventional human clinical case study
of six patients examined the safety and delivery
efficacy of posterior sub-tenon injection of poly-
methylmethacrylate nanoparticles containing car-
boplatin. The patients included were scheduled
to undergo enucleation for reasons other than ret-
inoblastoma since the researchers wanted to
examine the pharmacokinetics and toxicities with
intact BRB, posterior segment, and sclera. The
results revealed that carboplatin could more sus-
tainably undergo trans-scleral transport without
signs of short-term side effects on histopathology
or transmission electron microscopy.®°
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Potential nanomaterial applications for
diagnosis and detection of retinopathies

Some nanomaterials can augment existing diag-
nostic tests and be used as biomarkers to diagnose
and monitor disease progression earlier than the
current capacity.* Research advances in these
areas are limited within ophthalmology. Gold
nanorods and nanodiscs have been studied in vitro
and i vivo in mice for their potential as contrast
agents to enhance OCT and improve visualiza-
tion of ocular structures for earlier diagnoses.3>
PEG-molecule-stabilized colloidal gold molecules
enhance OCT contrast and photoacoustic micros-
copy of the retina and surrounding choroidal
microvasculature @ wviwo in a rabbit model.
Significant enhancements in both images were
obtained following intravenous injection without
acute toxicities seven days post-injection.
However, the contrast agent accumulated in the
liver and spleen.100

Gold nanoparticles have been studied for home
screening for DR using a urine-based colorimetric
paper sensor system that links with a smartphone
to screen DR biomarkers by capturing color with
the camera. The studied biomarker, 8-hydroxy-
2’-deoxyguanosine, is an oxidative stress DNA
breakdown product from hyperglycemia and is a
known DR and diabetic nephropathy biomarker.
The gold nanoparticles showed 91% sensitivity
and 81% specificity. Although there was no cor-
relation with DR severity, the results of this study
indicate the potential for nanoparticles in retinal
disease screening.10!

Nanoparticles may also improve polychromatic
angiography to differentiate late stages from ear-
lier disease stages based on the size of the parti-
cles that extravasate through the leaky vasculature
or BRB. The movement of nanoparticles could
indicate the extent of the dysfunction.22

Potential nanomaterial applications for
surgical advances

Nanomaterials can be used during surgery in
more targeted interventions involving lasers?!:102
and nanopropellers.193 A femtosecond laser can
specifically target the nanosurgical movement
and delivery of particular cells in the retina.”1-102
This laser was shown to nanosurgically manipu-
late retinoblastoma cells’ membrane structure via
hemifusion in an i virro model. This line of study
is valuable for understanding the cell membrane
and develop targeted cancer-related treatments in

retinoblastoma.!%2 An i vivo murine model using
a femtosecond laser delivered conjugated gold
nanoparticles containing either siRNAs or isothi-
ocyanate-dextran, both with fluorescent tags, to
RGCs without damaging them. These findings
demonstrate therapeutic promise in the selective
targeting of retinal cells without damage to
healthy cells.”!

The active propulsion of nanoparticles through
magnetism can deliver materials to the retina
through the vitreous humor. Slippery micropro-
pellers made of silicon dioxide with nickel have
successfully been injected into the vitreous to
reach the retina near the optic disk using OCT
monitoring in porcine models. This delivery
method overcomes the passive diffusional forces
that reduce targeted delivery capacity but faces
challenges navigating the tight macromolecular
matrix of the matrix.193 Drug and gene delivery to
the retina using magnetism warrants future study.

Nanotoxicity in the retina

The eye is considered an immune-privileged
organ, specifically the anterior chamber, subreti-
nal space, and vitreous chamber. Despite this,
nanomaterials still can cause inflammatory dam-
age and other signs of nanotoxicity, including
cytotoxicity, genotoxicity, and neuronal toxicity.
For instance, dendrimers and liposomes pro-
duced allergic and hypersensitivity reactions in
animal models.# Additional i vitro and mn vivo
studies are needed to characterize the nanotoxic
effects of potential therapeutic nanomaterials for
use in the retina compared to standard treatment
options. Biodegradable byproducts from nano-
materials may also present safety concerns.!!

Neuronal toxicity

The safety profile of nanomaterials in the retina,
especially its network of neuronal cells, must be
thoroughly characterized through studies on both
their short-term and long-term impacts, consider-
ing the immense implications. One model for the
characterization of these evaluated 20 and 80nm
gold and silver nanoparticles iz vitro in the post-
natal mouse retina. Both metals demonstrated
some signs of apoptosis, oxidative stress, and
microglial damage at low concentrations.3°

ROS production is the most likely mechanism of
the neuronal cell and glial cell toxicity of nanoma-
terials in the retina.!% The prospect of neuronal

journals.sagepub.com/home/oed


http://journals.sagepub.com/home/oed

Therapeutic Advances in Ophthalmology 13

toxicity of metal nanoparticles is particularly con-
cerning since neuronal systems are vulnerable to
metal intoxication during development and into
adulthood, leading to the development of neuro-
degenerative conditions such as Parkinson’s
disease.?¢

Nanotoxicity in the eye

A variety of factors determines nanotoxicity in the
eye. The two key factors are the concentration and
size of nanomaterials. In some cases, smaller nano-
materials, for example, silver, potentially have a
more significant neurotoxic effect due to distribu-
tion throughout the retinal layers. Nanomaterials
distributed for an extended time, greater concen-
tration, or increased cationic charge are also asso-
ciated with more nanotoxic effects.!%* Other factors
that impact nanotoxicity include aggregation, bio-
distribution, chemical composition, coating, dose,
shape, solubility, surface charge, attached chemi-
cal groups, and zeta potential.104

Despite the future challenges in creating nanoma-
terials with limited nanotoxicity profiles, nano-
materials have immense potential to reduce toxic
effects compared with current treatment options.
For example, using nanomaterials to treat AMD
can reduce the injection frequency, resulting in
reduced infections, irritation, and toxicity com-
pared with the standard treatment of intravitreal
anti-VEGF monoclonal antibody injections.
Investments in promising nanomaterials that
show limited toxicity with maximal efficacy
should occur. At the moment, the cytotoxic pro-
files of nanoparticles are better understood than
their effects in animal models. There remains sig-
nificant unexplored territory in terms of charac-
terizing the nanotoxicity in the retina using animal
models.

Conclusion

Nanoparticles are potentially advantageous over
current therapeutic, diagnostic, and surgical
modalities in the retina. However, nanoparticles’
specific properties and safety profiles require
more study via i vitro and im vivo models.
Whether or not nanoparticles have desirable
safety and therapeutic profiles depends on a range
of factors such as biodistribution pattern, concen-
tration, dosage, shape, size, surface charge, and
solubility. In areas such as inherited retinopathies
without effective treatment options or retinal
degeneration that often result in irreversible

blindness, nanoparticle research is essential. The
diagnostic and surgical potential of nanoparticles
requires further study before clinical applications
are fully realized, but progress in these realms is
clear. Improving current diagnostic tools and
reducing the scale of microsurgery applications
are directions of promise.
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