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The development of efficient therapies for ocular diseases remains a significant challenge because of the
static and dynamic barriers in the eye. A variety of pharmaceutical strategies have been explored to over-
come these ocular physiological barriers and thereby improve therapeutic bioavailability in both anterior
and posterior ocular tissues. This mini-review summarizes, analyzes, and discusses recent advances in the
field of ophthalmic drug delivery systems (DDSs). Specifically, the focus is on design strategies using
stimuli-responsive polymers and their applications for the treatment of prevalent ocular diseases such as
dry eye, ocular infection, glaucoma, and age-related macular degeneration. The stimuli-responsive poly-
mers are categorized according to their responses in various ocular environmental conditions (such as
temperature, pH, and ions). Additionally, general strategies and methodologies for the construction of
effective ophthalmic stimuli-responsive DDSs are investigated by exploiting key parameters such as the
stimuli-response type, ocular biocompatibility, ocular biodegradability, drug encapsulation and release, as
well as the modifiable structure of the polymers. Also discussed in this review are the interrelationships
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among the designed structures, properties, and functions of the stimuli-responsive DDSs and their
pharmacological treatment efficacies. In summary, we believe that the recent progress in the field of
stimuli-responsive DDSs constitutes a significant advance for the development of effective pharmacologi-

rsc.li/polymers cal treatments for eye disorders.

Despite the availability of effective treatments for ocular dis-
eases, the implementation of these solutions is hampered by
Individuals with ocular diseases have reduced economic and insufficient methods to administer drugs for long periods,

1. Introduction

educational opportunities, lower quality of life, and increased
risk of death when compared with healthy individuals." In
2015, it was estimated that the number of people with moder-
ate-to-severe vision impairment and blindness was approxi-
mately 252.6 million, which corresponds to 3.45% of the total
7.33 billion people living on the planet." Because these
numbers continue to increase at accelerating rates (Fig. 1),
vision disorders are becoming a leading cause of global
disability. Therefore, ocular diseases are currently considered
a serious global healthcare issue by the World Health
Organization (WHO).
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increased risk of inflammation, and the high cost of ocular
surgery.” To address these challenges, considerable efforts
have been focused on the development of cost-effective drug
delivery systems (DDSs) that are more suitable for patients,
have reduced side-effects, and are affordable for people living
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Fig. 1 Global trends and predicted numbers of people suffering from
moderate/severe vision impairment and blind (1990-2050). Reproduced
from ref. 1 with permission from Elsevier, copyright 2017.
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in developing countries.”* However, the efficient delivery of
bioactive substances (drugs/therapeutics) to sites of pharmaco-
logical action remains a significant challenge. This can be
ascribed to the complex anatomical structure of the eye, which
has multiple static, dynamic, and metabolic barriers.*>*
Polymeric materials have been used as the main com-
ponent in various DDSs, possibly due to their excellent pro-
perties, which include high water absorption capability, struc-
tural stability in aqueous media, excellent biocompatibility,
and resemblance to living tissues.”” Generally, the encapsu-
lation of drug molecules by polymeric carriers is controlled
by van der Waals interactions, hydrogen bonds, n-n conju-
gations, electrostatic forces, or chemical linkages. However,
an accurate mechanism has not been completely elucidated,
and this means that empirical results are utilized to demon-
strate the loading of drug molecules into polymeric carriers.®
It is worth noting that most of the common biomaterials
employed in DDSs are in static regimens. This means that a
driving force is required to trigger the release of drugs
required for achieving therapeutic effects. In this context, the
development of stimuli-responsive polymers (SRPs), which
can respond to slight changes in ocular environments, has
proven to be greatly beneficial for triggering the release of
ophthalmic drugs in a sustained manner and provides an
improved method for treating ocular diseases. In the last
three years, there have been a number of review articles high-
lighting SRPs for various applications such as biosensors and
artificial muscles® and injectable/stimuli-responsive hydro-
gel-based DDSs'*"? or emphasizing on the role of degradable
polymeric nanoparticles in ocular DDSs."®> However, a review
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that presents the design, modification, and construction of
SRPs into various forms (not limited to hydrogels) for improv-
ing the uses of ophthalmic DDSs and their structural effects
on the effectiveness of eye disease treatments has not been
reported yet.

In this review, we summarize the recent progress in the
development of SRP-based DDSs (SRP-DDSs) for the treat-
ment of ocular diseases and present representative SRPs and
the response mechanisms to physiological temperature, pH
of the biological fluids, and ion composition of tears. The key
roles of SRPs in the construction of efficient ophthalmic
DDSs are analyzed and discussed. Moreover, we provide
general requirements for SRPs and design rules to build
SRP-DDSs, which allow for controlled physicochemical per-
formances. The applications of SRP-DDS in the treatment of
prevalent ocular diseases such as dry eye (DE), ocular infec-
tion (OI), glaucoma (GL), and age-related macular degener-
ation (MD) will be discussed with a special emphasis on the
correlation among the designed structures, properties, func-
tions, and treatment efficacies. Additionally, we present
recent advances in the establishment of novel ophthalmic
DDSs. These include the chemical combination of SRPs with
functional biomaterials to establish DDSs with advanced
functions and therapeutic effects (such as anti-inflammation
and anti-oxidation). Finally, we provide concluding remarks
on the design and application of SRP-DDSs for the manage-
ment of ocular diseases, and we suggest perspectives on
manipulating the structure-property-function relationships
of stimuli-responsive materials for innovative therapeutic
strategies.
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2. Roles of SRPs in ophthalmic
SRP-DDSs and their classification

2.1. Design rules and polymer sources for ocular SRP-DDSs

Fundamentally, SRP-based carriers for ophthalmic drugs need
to encapsulate large amounts of drug molecules in a highly
efficient manner. The SRPs must be ocular-biocompatible, bio-
degradable, and safe. They must also avoid the limitations of
traditional ophthalmic carriers such as eye irritation, blurred
vision, and adverse side effects. It is expected that SRPs can
behave as pseudoplastic fluids with thixotropic characteristics
that exhibit low fluid viscosity under high shear rate con-
ditions. These characteristics enable drug distribution across
the ocular surface upon blinking and transform to a highly
viscous fluid under low shear rate conditions, thus extending
the drug residence time."*'®> Depending on specific ocular dis-
eases and administration routes, the effects of environmental
stimuli (surrounding the lesion sites) will be determined, and
appropriate SRPs will be exploited for the development of
effective ophthalmic SRP-DDSs. Ideal properties of ophthalmic
SRP-DDSs together with the possible modes of property
improvement are summarized as follows:

« Stimuli response. The stability of the ocular environmental
factors (such as pH, temperature, and ions) in diseased eyes
should be confirmed to guarantee proper in vivo responses of
intentionally used SRPs.

» Ocular biocompatibility. The selected SRPs must be com-
patible with the eye and ocular cells or tissues of interest (such
as targeted sites or diseases) in both sol and gel phases.

» Ocular biodegradability. Since the eye is one of the smal-
lest organs of the entire body, SRPs should be degradable in
ocular environments to prevent blocking of ocular fluid flows
and to avoid possible infections. If the SRPs are non-degrad-
able, incorporation of additional biopolymers that possess
good ocular biodegradability can increase the safe use of SRP-
based carriers. On the other hand, the selected SRPs should
be inert to ocular metabolic activities.

 Drug encapsulation and release. Phase transition character-
istics of SRPs are the key factors involved in the regulation of
drug loading and release. A rapid response to stimuli can lead
to the encapsulation of limited drug amounts, while a slow
response results in burst drug release that may cause toxic
effects. SRPs with the appropriate response to ocular environ-
ments can be manipulated via synergistic combinations with
other polymers (for example, combining a rapid SRP with a
non-SRP or slow SRP or wrapping a slow SRP in a biopolymer
matrix).

» Modifiable structure. The selected SRPs should possess
chemical structures that can be easily functionalized with
specific chemicals or polymers that can enhance the ophthal-
mic DDSs with the desired biological and physicochemical
properties, thereby improving therapeutic outcomes. The ideal
functional biomaterials should be capable of entrapping
ophthalmic drugs (ie.,, enhancing drug encapsulation
efficiency), resisting dynamic ocular fluids with robust
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Polymer sources
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> Gellan gum

» Poloxamer
» PNIPAAmM
» Eudragit S100

» Chitosan/Poloxamer
» Gelatin/PNIPAAmM

> Xanthan gum > Gellan gum/PVA » PLGA

> Gelatin > Cellulose/Carbopol > PEG

» Silk fibroin » Peptide/PEG » PCL
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Fig. 2 The flowchart outlining the polymer sources for construction of
ophthalmic SRP-DDSs.

mucoadhesive performance, binding to ocular tissues of inter-
est via targeted delivery, and even providing extra-therapeutic
benefits that are not offered by currently available ophthalmic
drugs.

Ophthalmic SRP-DDSs can be designed with different types
of polymeric biomaterials, including natural or synthetic poly-
mers or their combination (Fig. 2). Proteins, carbohydrates,
and nucleic acids are common sources of natural polymers
with intrinsically responsive properties. Recent substantial
progress in polymer science and technology has resulted in
the development of various synthetic polymers that mimic the
stimuli response of natural biopolymers.'®!” Polyacrylamides
such as poly(N-vinylcaprolactam) and poly(lysine) are represen-
tative synthetic SRPs. The SRPs in the ophthalmic DDSs can be
chemically engineered in a variety of forms, including hydro-
gels, nanogels, micelles, particles, and films, depending on
the intended purposes and administration routes. For
example, to develop an SRP-DDS for the treatment of glauco-
matous eyes via intracameral injection, PNIPAAm (a synthetic
polymer) is covalently grafted to gelatin (a natural polymer) to
form an injectable and biodegradable hydrogel solution that
can transform into a gel upon a thermal change mimicking
the difference between room and physiological temperatures
(Fig. 3)."® Generally, SRP-DDSs developed using multiple poly-
meric components exhibit better drug release characteristics
and improved treatment efficacies, possibly due to the syner-
gistic effects and additional features.'®?° Considering the
intriguing biological effects of inorganic nanoparticles, incor-
porating these inorganic nanomaterials with SRPs would be of
great interest for the development of ophthalmic SRP-DDSs
with new features such as remote-controlled drug delivery.>"*
However, the toxicity of nanomaterials is an obstacle that
needs to be overcome because the small nanoparticle size
allows for easy access to the cells and intracellular compart-
ments, including the nucleus, which can have detrimental
effects.>>*

2.2. Classification of SRPs

Generally, the viscosity of ophthalmic formulations is manipu-
lated to improve ocular drug bioavailability."* This change in
viscosity enhances their resistance to various physiological bar-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Schematic reaction diagrams for the development of a biodegradable thermo-sensitive hydrogel via combination of synthetic and natural
polymers. Reaction scheme for (A) aminated gelatin (A-gelatin), (B) carboxylic end-capped PNIPAAm (PN), and (C) gelatin-g-PNIPAAm (GN). Typical
photographs (D) demonstrate the sol—gel phase transition based on the thermal response. Reproduced from ref. 18 with permission from Elsevier,

copyright 2011.

riers such as lacrimal drainage, tear fluid, conjunctival blood,
lymphatic clearance, choroidal blood, and lymph circulation.
Emulsions and ointments have been used to increase drug
retention and improve drug bioavailability on the ocular
surface. Unfortunately, these drug carriers caused adverse
effects such as irritation, redness, and blurriness.?® To counter
these challenges, SRP-based biomaterials have been explored
as alternatives. These biomaterials reduce side-effects and
patient enhancing therapeutic
effects.”®*” These SRP-based ophthalmic formulations are pro-
duced in solution form and transformed into a gelled state
once they are administered to the eye. This sol-gel transition
can be regulated by the ocular environmental conditions,
including physiological temperature (thermo-responsive),
ocular fluid pH (pH-responsive), and tear fluid ion concen-
tration (ion-responsive). Compared to traditional/non-SRP for-
mulations, the in situ gelling formulations can provide several
advantages. These include: (i) sustained drug release, as the
gel is formed once its corresponding sol is placed in ocular
environments, allowing for prolonged confinement of drug
molecules; (ii) protection of drug molecules from degradation,
metabolism, and cellular efflux during the delivery time-
course; and (iii) the use of soluble formulations that are
simple and user friendly.

increase comfort while

This journal is © The Royal Society of Chemistry 2020

2.2.1. Thermo-responsive polymers. Thermo-responsive
polymers, the most widely investigated SRP materials, are
characterized by a phase transition within a specific tempera-
ture range in response to the formation of intermolecular
hydrogen bonds, hydrophobic interactions, and physical
entanglements of polymer chains.*® Considering that the phys-
iological temperatures of the eye are typically in the range of
32-35 °C,*° the ophthalmic use of thermo-responsive polymers
with phase transition temperatures around room temperature
(~25 °C) is allowed, i.e., SRP-DDSs can be stored at ambient
temperature. The development of SRP-DDSs based on the
thermal gradient between the ambient and ocular environ-
ment temperatures will be beneficial for the pharmacological
treatment of ocular diseases.

The most popular thermo-responsive polymer that is cur-
rently in use is poly(N-isopropylacrylamide) (PNIPAAm), which
has a reversible coil-to-globule transition in aqueous solutions
at its lower critical solution temperature (LCST) of 32 °C.*° The
hydrophilic and hydrophobic groups present in this thermo-
sensitive polymer are responsible for the phase transition.
Below the LCST, PNIPAAm is water-soluble, while above this
temperature, the polymer forms inter/intra-chain associations
that result in the polymer being insoluble in aqueous media.”®
Interestingly, the LCST of PNIPAAm, mainly determined by the

Polym. Chem., 2020, 11, 6988-7008 | 6991
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hydrogen bonding between water and monomer units (such as
N-H or C=O linkages), can be tailored by combining with
either hydrophilic or hydrophobic monomers.*’ Considering
that PNIPAAm is a non-biodegradable polymer, proper incor-
poration with biodegradable biomaterials is needed to ensure
the safe use of the resultant DDSs.

Biodegradable and thermo-responsive polymers have been
developed by incorporating chitosan, which is a polysaccharide
derived from chitin by alkaline hydrolysis, into polyol-phos-
phate chains. The thermo-responsive chitosan is prepared by
adding p-glycerophosphate (GP) to a chitosan solution, result-
ing in a mixture with a reversible sol-gel phase transition
between both ambient and physiological temperatures.®* The
phase transition temperature is independent of the molecular
weight of chitosan but is strongly affected by the GP concen-
tration. The gelling mechanism for the chitosan/polyol-phos-
phate systems can be explained by the formation of a
hydration protective layer around chitosan backbone chains
via weak intermolecular interactions. As the temperature
increases, the polyol protective layer is damaged and allows
the polymer to interact through stronger bonds (such as hydro-
phobic interactions), resulting in gelation.’® Although the
polyol-phosphate/chitosan biomaterial is one of the most
widely investigated thermo-sensitive polymers, it has some dis-
advantages, including low mechanical strength and a slow
temperature response. To address these, improvements such
as synergistic combinations with other biomaterials are
required.**

Biodegradable thermo-responsive materials can also be
constructed using copolymerization methods. Poloxamers,
commercially known as Pluronic®, are synthetic triblock co-
polymers comprising a hydrophobic block of poly(propylene
oxide) (PPO) sandwiched by two hydrophilic blocks of poly
(ethylene oxide) (PEO). The triblock structure (PEO-PPO-PEO)
thus endows the thermo-sensitive copolymers with amphiphi-
lic properties.>® This amphiphilic nature enables the poloxa-
mer macromolecules to aggregate into micelles, which contain
a hydrophobic core and a hydrophilic shell, in aqueous solu-
tions. At sufficient concentrations, poloxamer aqueous solu-
tions exhibit thermo-responsive phase transition behavior via
polymer desolvation, micelle aggregation, and network entan-
glement.*® Pluronic F-127, which consists of ethylene oxide
(70%), is a poloxamer with low viscosity (below 4 °C) and it is
able to form a semi-solid gel at body temperature.®”*® Several
types of poloxamer products have been approved by the Food
and Drug Administration (FDA) and are used in various
pharmaceutical formulations because of their good biocom-
patibility and biodegradability. In addition to poloxamers,
alternative triblock copolymers built from hydrophilic poly
(ethylene glycol) (PEG) and hydrophobic poly(lactic acid-co-gly-
colic acid) (PLGA) have been extensively investigated. Aqueous
PLGA-PEG-PLGA has been reported to be in solution form at
temperatures between 2 and 15 °C and it transforms into a gel
at physiological temperatures.”®> These thermo-responsive
copolymers are developed with adjustable degradation rates
because the molar ratios between the two monomers are
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varied. This characteristic makes them great candidates for the
development of SRP-DDSs with controlled drug release pro-
files. Additionally, both PEG and PLGA are approved by the
FDA, which means that the PLGA-PEG-PLGA thermo-respon-
sive polymers are bound to be highly biocompatible.

2.2.2. pH-Responsive polymers. pH-Responsive polymers
are polyelectrolytes containing weakly acidic or basic groups
that accept or donate protons in response to changes in the
pH of the surrounding media. These changes in pH are
responsible for the sol-gel phase transitions. Considering that
the pH of the ocular surface in the normal eye is neutral (pH
7.4) and that a variety of pathological conditions can alter this
pH value, the use of pH-responsive polymers in ophthalmic
DDSs is of great interest.’® Carbopol, the most widely investi-
gated pH-responsive polymer in ophthalmic DDSs, is a poly
(acrylic acid) (PAA) polymer that exhibits sol states at a pH
lower than 5.5 and transforms into gels at higher pH values.
The occurrence of this pH-induced sol-gel phase transition is
attributed to electrostatic repulsion and osmotic forces within
the backbone chain."’ Moreover, carbopol is reported to
possess highly mucoadhesive properties due to the strong
interactions between the polymer and mucin via electrostatic
forces, hydrogen bonds, hydrophobic conjugation, and inter-
diffusion.”® These properties demonstrate that carbopol has
the potential for various practical applications on the ocular
surface. A major limitation of carbopol is its acidic nature,
which causes irritation and toxicity to the eye.*® Accordingly, a
strategy for reducing the amount of carbopol without the elim-
ination of sol-gel transition behavior is urgently needed for
the development of effective carbopol-based DDSs. In addition
to carbopol, chitosan (because of its cationic nature) can be
dissolved in acidic aqueous media in the sol state and it trans-
forms into the gel state when neutralized, exhibiting a sol-gel
phase transition at a pH of 6.2.>* This phenomenon suggests
that aqueous chitosan solutions can be gelled quickly upon
contact with ocular environments whose pH values are greater
than or equal to 6.2.°

2.2.3. Ion-responsive polymers. Ion-responsive polymers
are materials that can change their shapes in response to
ionization/deionization of functional groups on polymeric
chains. Given that the tear fluid is composed of various
cations such as Na“, Mg**, and Ca®’, ion-responsive polymer
solutions, when in contact with the eye, can be transformed
into gel states via ionic bonds created within the polymeric
backbone chain.***> The most extensively investigated ion-
responsive polymer for the development of ophthalmic DDSs
is gellan gum (commercially known as Gelrite®). Gellan gum
is an anionic linear polysaccharide that consists of repeating
units of tetrasaccharide that comprise two units of p-glucose
and one unit of bp-glucuronic acid and r-rhamnose. The
hydroxyl and carboxylic groups allow possible interactions
with other polymers via hydrogen bonds and electrostatic
forces.”® An aqueous solution of gellan can transform into a
clear gel when interacting with typical cations found in the
tear fluid. It has been shown that the slightly viscous gellan
gum solutions (concentrations <1%) could change to highly

This journal is © The Royal Society of Chemistry 2020
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viscous states when interacting with cations at a physiological
level, and this reaction does not require more than 10-20% of
the ions found in the tear fluid.*” In addition to gellan,
xanthan gum is another popular ion-responsive polymer
employed for ocular DDSs. Xanthan gum comprises pentasac-
charide repeating units of mannose, glucose, and glucuronic
acid.*®

3. Pharmacological treatment of
ocular diseases using SRP-DDSs
3.1. Overview

The effective delivery of ophthalmic drugs is a challenging
issue to date because of the static, dynamic, and metabolic
barriers of the eye.>” Static barriers are physical impediments
that drug molecules must pass through, and these include the
cornea, conjunctiva, and sclera. The clearance actions caused
by both tear and intraocular fluids are typical dynamic barriers
that prevent the delivery of drugs to target sites. Metabolic bar-
riers in the eye, such as esterases and carbonic anhydrase
enzymes, can reduce effective therapeutic activity by de-
activating drugs. Consequently, these ocular barriers (Fig. 4A)
result in short pre-corneal residence times and low drug con-
centrations at pharmacological sites of action.

The human eye is a tiny organ weighing approximately 7.5 g
with a globe diameter of about 24 mm in adults. The eye has a
sophisticated structure and is composed of various tissues
with different characteristics. Malfunction of any of these
tissues can result in vision loss or blindness.*® There is a wide
range of pathologies that can affect the eye, and these include
local injuries or the manifestation of diabetes mellitus.’® Low
drug bioavailability (due to physiological barriers) is a major
issue for the delivery of ophthalmic drugs via conventional for-
mulations. Consequently, frequent drug administrations are
required to maintain the therapeutic effects in target tissues,
and thereby they may induce adverse effects.>® Therefore, the
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development of SRP-DDSs with advanced functions is expected
to produce ophthalmic formulations that can prolong the drug
release and provide additional therapeutic effects for improv-
ing patient comfort and enhancing drug bioavailability while
reducing overall treatment costs.

It is worth noting that the multiple physiological barriers
(to the drug) have a strong influence on the route of adminis-
tration selected.’® Typical administration routes for ophthal-
mic formulations are topical, intraocular, and periocular
(Fig. 4B). Topical administration is the most widely used non-
invasive method because of the ease of use and patient com-
pliance. However, it is limited by low drug bioavailability due
to dynamic barriers (such as tear fluid turnover and reflex
blinking) as well as static barriers (such as the cornea and con-
junctiva).’® Therefore, this noninvasive route of administration
is commonly employed to treat eye diseases that occur in the
anterior rather than the posterior segment of the eye. To
achieve greater drug delivery efficiencies at lesion sites located
in the posterior segment, intraocular injection or implantation
is commonly used. However, the requirements for repeated
puncture or surgery can cause several side effects such as bac-
terial infection, endophthalmitis, hemorrhage, and retinal
detachment, in addition to patient inconvenience.’*>*
Periocular administrations, including subconjunctival and
subtenon injections, are alternatives that allow formulations to
bypass the superficial tear fluid and conjunctival barriers.
These routes can leave ophthalmic formulations within the
spaces between tissue layers.”® Moreover, periocular injections
can deliver drugs to the posterior segment through the
anterior segment, and they are particularly appropriate for
poorly water-soluble drugs such as steroids.>® However, these
periocular routes also have several limitations, including inva-
siveness, patient discomfort, or hemorrhage. Therefore, under-
standing the nature of ocular barriers in association with
specific target tissues and administration routes is vital for the
establishment of advanced SRP-DDSs toward efficient manage-
ment of ocular diseases.

Intravitreal injection

(B)

Topical administration

@

~.

Subconjunctival
injection

route (6)

Subretinal injection

Fig. 4 Schematic illustrations of the eye anatomy with various ocular barriers (A) and administration approaches (B) for the treatment of different
ocular diseases. Reproduced from ref. 13 with permission from MDPI, copyright 2018.
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In the following subsections, recent applications of
SRP-DDSs to administer pharmacotherapies for prevalent
ocular diseases (such as DE, OI, GL, and MD) that occur in
both the anterior and posterior segments of the eye are sum-
marized (Table 1) and discussed. The relationship between the
treatment efficacies and the designed structures, properties,
and functions of SRP-DDSs is also emphasized.

3.2. Dry eye syndrome

DE is the most frequent ophthalmic and multifactorial disease
of both the tear film and the ocular surface, and it can lead to
blurry vision, irritation, light sensitivity, and inflammation.>®
The prevalence of DE can result in a low quality of life and
impose a significant economic burden on patients. In the
United States, approximately $55 billion is spent annually to
treat this chronic ocular surface disease.”” Clinically, DE is
diagnosed by tear fluid volume measurement, tear fluid
breakup time, corneal staining, osmolarity, and symptom-
based questionnaires. Anti-inflammatory molecules, ocular
lubricants, artificial tears, and secretagogues are used as eye
drops to treat DE.”® Employment of punctal plugs, which
increase tear fluid retention on the ocular surface, has also
been suggested as another treatment method for DE.>°

3.2.1. Treatment based on thermo-responsive polymers.
Elastin-like polypeptides (ELPs) are inspired by the human tro-
poelastin protein and they exhibit an inverse phase transition
behavior that can transform them from aqueous solutes into
self-assembled nano/micro-particles as the temperature is
varied from below to above their transition temperatures.®®
Recently, ELPs have been used as thermo-responsive carriers
to improve the DE treatment efficacy of lacritin, a protein exhi-
biting prosecretory activity in the lacrimal gland and mitogenic
activity at the corneal epithelium.®® The ophthalmic formu-
lation reveals the thermal response of the ELPs while main-
taining the prosecretory efficacy of lacritin, as confirmed by its
ability to stimulate the secretion of p-hexosaminidase by
primary rabbit lacrimal gland acinar cells. Moreover, intra-
lacrimal injection of the thermo-responsive formulation
enhanced tear fluid secretion in a non-obese diabetic mouse
model of autoimmune dacryoadenitis (Fig. 5). The enhanced
prosecretory effect can be ascribed to the extended-release per-
formance of lacritin from the thermo-responsive ELP-based
DDS that forms a depot inside the lacrimal gland for 24 h,
which is 12-fold greater than that of the intra-lacrimally
injected therapeutic protein (Table 1).°" Mixed polymer solu-
tions of chitosan and poloxamers are another example of
ophthalmic thermo-responsive DDSs that enhance DE treat-
ment efficacy via sustaining the drug release.®® The ocular bio-
availability of topically administered insulin is considerably
elevated in the lacrimal gland and eyeball of experimental rats
when delivered by in situ thermal gelling chitosan/poloxamer
carriers. Moreover, the topical administration of insulin-
loaded chitosan/poloxamer formulations normalized the tear
fluid volume, corneal thickness, and corneal cell morphology,
demonstrating that this ophthalmic thermo-responsive formu-
lation is a promising candidate for DE treatment. In addition
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to SRPs or SRP blends, covalent copolymers have also been
exploited as thermo-responsive DDSs. For instance, a gelatin-
graft-PNIPAAm (GN) copolymer, synthesized via carbodiimide
coupling chemistry, was proven to be capable of encapsulating
epigallocatechin gallate (EGCG) without any apparent changes
in its phase transition temperature, biodegradability, and bio-
compatibility.*® Owing to its thermo-responsive nature, the
in situ gelling GN copolymer allowed for a sustained release of
EGCG for 3 days without deteriorating the potent anti-inflam-
matory and antioxidant effects of the drug. Pharmacological
treatment applied using a single dose instillation of the EGCG-
loaded GN carriers outperformed those using both EGCG and
artificial tear solutions in alleviating DE in a rabbit model.®®
This confirms the important role of the thermo-responsive
copolymer in prolonging the release of EGCG via the in situ
gelling behavior on the diseased ocular surface.

3.2.2. Treatment based on pH-responsive polymers.
Eudragit S-100, a pH-responsive copolymer composed of
methacrylic acid and methylmethacrylate, with a characteristic
dissolution behavior at a pH > 7.0, has been explored as a
nanocarrier for cyclosporine (an effective drug for the treat-
ment of chronic DE syndrome).®* Specifically, the cyclospor-
ine-loaded nanoparticles, synthesized via a quasi-emulsion
solvent diffusion technique, were incorporated into a contact
lens matrix to enhance sustained drug release at the ocular
surface.®® The drug-loaded nanoparticles embedded in contact
lenses did not show any leached or released drug in packaging
solutions with a pH value below 7. To trigger the drug release,
patients can remove the SRP-DDS from the packaging solution,
wash with saline (pH = 7.4), and wear on the dry eyes, where
the pH of tear fluid is higher than 7.0.°® The tear fluid diffuses
into the contact lens matrix and dissolves the drug-loaded
nanoparticles, consequently inducing the release of cyclospor-
ine into the tear film of the diseased ocular surface. In vivo
studies showed that the drug-laden contact lens SRP-DDS sus-
tained the release of cyclosporine for 14 days, which is 1.75x
longer than that with the DDS that did not incorporate the pH-
responsive polymer nanocarriers.®> These results suggest that
the use of pH-responsive polymeric materials combined with
nanoparticles aid in preventing drug leakage during storage
(in the packaging solution) and maintaining the optical trans-
parency of the contact lens while at the same time extending
drug release for the effective and straightforward treatment of
DE.

3.2.3. Treatment based on ion-responsive polymers.
Considering that DE is associated with alteration and instabil-
ity of the tear film, the principal method of management is to
restore the tear film characteristics. Artificial tears have been
used extensively for the treatment of mild to moderate DE and
can be combined with other pharmacotherapies to cure severe
DE syndrome. A large variety of artificial tear formulations
with different components are currently available for purchase.
However, most of these artificial tear formulations require
repeated administrations due to short ocular residence time,
as their composition is not similar to that of the human
tear.®”®® To address these issues, gellan gum, an in situ gelling
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Fig. 5 Intralacrimal injection of an ophthalmic formulation consisting
of lacritin and thermo-responsive elastin-like polypeptides for enhance-
ment of tear secretion in a mouse model of DE. (A) Representative pic-
tures showing tear secretion after an intra-lacrimal injection; collected
tear volume (blue arrow). (B) Lacrimal glands injected with the formu-
lation were collected after infusion and visualized using immunofluores-
cence to identify lacritin. Green: anti-lacritin antibody; red: actin stained
using Rho-phalloidin; blue: nucleus stained with DAPI. Scale bar: 10 pm.
(C and D) Representative H&E staining images of mouse lacrimal glands.
(C) Severe lymphocytic infiltration was observed in male mice. (D)
Female NOD mice exhibited a normal morphology. (E and F)
Quantification of tear volume displaying a significant enhancement of
tear secretion by the formulation; (E) male and (F) female mice.
Reproduced from ref. 61 with permission from Elsevier, copyright 2014.

polymer, was combined with an artificial tear formulation con-
sisting of liposomes, vitamins A and E, and hydroxypropyl
methylcellulose (HPMC).%® Gellan gum plays a critical role in
extending the ocular residence time of the artificial tear for-
mulation by providing it with the characteristic of in situ
gelling in response to contact with ions (ion-responsiveness).
The addition of an ion-responsive polymer did not affect the
physiological properties of the artificial tear formulation
(which are a pH of 7.6, a viscosity of 4.0 mPa s, and a surface
tension of 53.4 mN m™'), but enhanced the ocular retention
time of the formulation. This strategy, based on the use of ion-
responsive polymers in artificial tears, would be of immense
benefit for the management of mild to moderate DE
syndrome.

3.3. Ocular infection

Although the eye is relatively impermeable to microorganisms,
ocular infections can quickly develop when exposed to various
factors such as trauma, surgery, age, dryness of the eye,
wearing of contact lenses, and prolonged use of topical
steroids.®® Common ocular infections such as keratitis, con-
junctivitis, and endophthalmitis, if left untreated, can induce

This journal is © The Royal Society of Chemistry 2020
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the destruction of ocular structures and result in vision loss
and blindness.”’ To remedy this, conventional treatment
approaches for ocular infections include topical instillation
and intraocular injection of antimicrobial drugs, and in some
cases, oral or intravenous antibiotics.”*

3.3.1. Treatment based on thermo-responsive polymers.
Topical administration of antibiotics is a well-established
therapy for microbial keratitis.”> However, it requires the
continuous delivery of eye drops every 15 min for a period of
up to 48 h. This is a major challenge for drug delivery and
increases patient discomfort.”? To address this, chitosan/
B-glycerolphosphate was investigated as a thermo-responsive
polymeric carrier for the sustained delivery of antibiotics while
also serving as an occlusive dressing that protects damaged
corneas.”* Moxifloxacin and gentamicin released from the
in situ thermal gelling chitosan/p-glycerolphosphate carrier
exhibited antibacterial effects comparable to drug solutions
alone. This result suggests that the inclusion of the antibiotics
in the thermo-responsive polymer does not hinder their anti-
bacterial treatment efficacy. Importantly, the thermo-respon-
sive polymer allowed for the sustained release of antibiotics
over 4 h, while drug solutions alone lasted for less than 1 h.

To achieve a more effective SRP-DDS, additional polymeric
components are generally incorporated into the thermo-
responsive polymers of interest.”>”® Improved mechanical pro-
perties can be obtained by blending hydroxypropyl-
methylcellulose (HPMC) with Pluronic F127 (PF127), which is
a thermo-responsive copolymer that lacks satisfactory mechan-
ical strength (thereby leading to rapid dissolution and burst
release).”” The resultant PF127/HPMC thermo-responsive
carrier allowed for the sustained release of sertaconazole, a
potent imidazole derivative showing a wide spectrum of anti-
fungal activities. The formulation suppressed bacterial growth
at a concentration of 2.5 pg mL™', possibly due to the
increased drug penetration into the fungal cell wall to inhibit
ergosterol synthesis. This is in contrast to the free drugs which
do not exhibit any inhibitory effects at this concentration.
Also, triblock PLGA-PEG-PLGA thermo-responsive copolymers
are shown to be attractive candidates for the protection of the
encapsulated drug from rapid degradation and burst release.”®
Subconjunctival injection of a voriconazole-loaded triblock
copolymer was able to deliver a sustained release of the drug
to the cornea at concentrations above 0.5 pg g~ (the target
minimum inhibitory concentration for Aspergillus sp.) for up
to 48 h.”° Similarly, a combination of a poloxamer and chito-
san led to an approximately 8-fold increase of tobramycin in
the aqueous humor (compared to the drug solution alone) and
a sustained therapeutic concentration over 24 h with a single
dose.®® The mixed chitosan/poloxamer has also been reported
to promote the sustained release of neomycin/betamethasone
for over 10 h and inhibit microbial growth for 7 days.®’ The
designed formulations show promise for the development of
effective therapies for the treatment of conjunctivitis.

In addition to physical blending and copolymerization,
the chemical cross-linking method was also employed to
improve the drug delivery performance of the single thermo-
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Fig. 6 Development of a VAN-loaded PEG-DA/PNIPAAM thermo-responsive polymer for the treatment of S. aureus induced endophthalmitis. (A) A
cumulative release profile of VAN from the PNIPAAm—-PEG-DA thermo-responsive polymer. (B) Representative eyes for all four treatment groups
(bolus VAN, VAN-loaded DDS, saline-loaded DDS, and blank DDS) at 12, 24, 48, and 72 hours. (C) Infection scores for all treatment groups at 12, 24,
48, and 72 hours after injection. (D) Representative histopathological sections from enucleated specimens stained with hematoxylin—eosin indicating
a vitreous structure for rats in each experimental group 48 hours after infection: (a) bolus VAN group showing an infiltrated vitreous and disorganized
tissue structure; (b) VAN-loaded DDS group showing a mostly non-infiltrated vitreous and normal, organized tissue structure; (c) saline group
showing an infiltrated vitreous disorganized tissue layers; and (d) blank DDS group showing infiltrated vitreous and disorganized tissue layers.
Reproduced from ref. 84 with permission from the Association for Research in Vision and Ophthalmology, copyright 2019.

responsive polymer. Recently, PNIPAAm cross-linked with poly
(ethylene glycol) diacrylate (PEG-DA) has been investigated as
a thermo-responsive DDS for the delivery of prophylactic van-
comycin (VAN) used to treat S. aureus-induced endophthalmitis
(Fig. 6 and Table 1).** The PEG-DA/PNIPAAm copolymer
released VAN at a steady rate for 2 weeks before reaching a
plateau regimen after 3 weeks. The conjunctivas and corneas
of animals receiving the VAN-loaded PEG-DA/PNIPAAm formu-
lations were effectively treated as verified by the eyes without
observable signs of infection (such as clouding of the cornea
and redness in the conjunctiva) throughout the follow-up
period of 72 h. These results were further confirmed by the
results of histopathological sections of the vitreous body.
Animals receiving a bolus VAN injection exhibited cell infiltra-
tion and disorganized tissue layers, which is an indication of
infection.®> Subconjunctival injection of VAN-loaded PEG-DA-
PNIPAAmM thermo-responsive copolymers revealed that few
inflammatory cells migrated into the vitreous body. Also, the
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layer structures appeared as normal, demonstrating the
efficient management of S. aureus-induced endophthalmitis by
the developed formulation.

3.3.2. Treatment based on pH-responsive polymers. The
development of a polymeric carrier that can sustain the release
of levofloxacin at the physiological pH range of the eye is of
special importance. It is noting that levofloxacin is a popular
fluoroquinolone antibiotic used for the treatment of ocular
infections and is freely soluble in aqueous solutions at neutral
pH.®® One strategy for developing this type of polymeric carrier
is to blend sodium alginate and HPMC polymer solutions at
different ratios. This results in the formation of pH-responsive
polymers with gelling characteristics in response to changes in
pH (from acidic to neutral/basic conditions). The levofloxacin-
loaded sodium alginate/HPMC formulation was a solution at
pH 4.7 but immediately transformed into a gel (at pH 7.4)
when instilled onto the eyes.®” Furthermore, the formulation
revealed no changes in physical appearance, pH-responsive-
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ness, optical transparency, and drug content after exposure to
autoclave sterilization. Levofloxacin was sustainably released
from the alginate/HPMC gel system for 24 h while the eye drop
solution was completely released after 6 h. The nonirritant
nature of the pH-responsive gelling polymer was demonstrated
using histopathological assessments and the lack of ocular
irritation seen in the treated cornea. This treatment approach
for ocular infections is seen as successful because of the
effective antibacterial activity against E. coli and S. aureus, as
well as minimal degradation of the alginate/HPMC blend.

Furthermore, the combination of a pH-responsive polymer
with other SRP types (temperature-responsive and ion-respon-
sive polymers) is an alternative strategy that can be used to
improve SRP-DDSs. To encapsulate and release the drug, besi-
floxacin (which is a topical synthetic fluoroquinolone specifi-
cally developed for the topical treatment of ophthalmic infec-
tions), a combination of chitosan (temperature- and pH-
responsive), polyvinyl alcohol (PVA), and gellan gum (ion-
responsive) offered several advantages (such as higher gel
stability and better gel strength) over the single SRPs.**#9 The
results indicated that the besifloxacin-loaded chitosan/gellan
gum/PVA solution was able to transform into a gel in physio-
logical environments. Ex vivo permeation studies showed that
the developed formulation enhanced drug retention at the
corneal surface. The drug concentration in the aqueous humor
was low when the drug was administered as a solution. In con-
trast, the in situ gelling formulations delivered drugs at high
concentrations (105.28 + 3.35 ng mL™") for at least 12 h, imply-
ing that there was a sustained release profile.®

3.3.3. Treatment based on ion-responsive polymers. Gellan
gum-based in situ gelling materials are considered to be the
most promising delivery systems for increasing ocular
bioavailability.”°* The formed gels are transparent and
elastic, and do not irritate the eye, which allow for a continu-
ous supply of drug molecules for extended periods without
compromising patient comfort.”> Recently, ophthalmic formu-
lations made from a combination of gellan gum and levofloxa-
cin hemihydrate (LFH) have been utilized as ion-responsive
polymers to provide sustained drug release for the treatment
of bacterial conjunctivitis.””»??

The LFH-loaded gellan gum formulation exhibited a rapid
in vitro gelling time (<15 s) and extended in vitro drug release
(18-24 h), and was stable for at least 6 months (at 25 °C and
40% relative humidity). In vitro drug release studies implied
that the LFH was maintained above a minimum inhibitory
concentration (1000 ng mL™") for 8-12 h, which signifies a
remarkable increase in the prolongation of drug activity.
Pharmacokinetic studies indicated that the ion-responsive
polymer increased the effective therapeutic time two-fold when
compared to marketed eye drops such as Levotop PF®.?” The
results demonstrated a promising method for both improving
LFH delivery to the eye (for the treatment of bacterial conjunc-
tivitis) and increasing patient comfort (by reducing the need
for frequent administration). Additionally, gellan gum was also
exploited as an in situ gelling carrier for terbinafine hydro-
chloride-loaded nanoemulsion (NE), which is used for the
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treatment of fungal keratitis.”* The in situ NE/gellan gum gels
were transparent, pseudoplastic, mucoadhesive, and had
slower zero-order drug release rates when compared with the
corresponding NEs. The sterilized in situ NE gel did not irritate
the rabbit eyes and regulated the release rate of terbinafine
hydrochloride in the rabbit aqueous humor while improving
the ocular drug bioavailability. Mixtures of gellan gum and
kappa-carrageenan (a seaweed polysaccharide) have been
shown to be effective ion-responsive gelling materials for
improving the release kinetics (by increasing drug retention
2.5x) of econazole.””

3.4. Glaucoma

Glaucoma is the second leading cause of blindness globally
and is projected to affect 111.8 million people worldwide by
2040.°° In the US, approximately $748 million per year is
spent treating glaucoma-related diseases for people aged 65
years and older.”” High intraocular pressure (IOP) is con-
sidered to be the primary cause of the disease, and lowering
the elevated IOP is the only clinical approach that can prevent
the progression of glaucoma (which leads to vision loss).”®
Currently, pharmaceutical and surgical therapies are
employed to reduce the elevated IOP in glaucoma, and the
latter leads to high costs for the patient along with discom-
fort. Therefore, the preferred treatment modalities include
pharmaceutical therapies applied using eye drops (such as
timolol maleate, brimonidine, pilocarpine, and latanoprost).
The reason is that they aid with patient compliance and are
easy to use (without the need for assistance by therapists or
clinicians). To overcome the low bioavailability of the eye
drops, ongoing efforts have been directed towards the devel-
opment of ophthalmic DDSs. These systems can prolong the
pharmacological activity of drug molecules and reduce the
need for frequent medical interventions, thereby minimizing
side effects.

3.4.1. Treatment based on thermo-responsive polymers.
Among various thermo-responsive polymers, PNIPAAm is con-
sidered to be the most promising candidate for the develop-
ment of SRP-DDSs. However, the major limitations of these
polymers are their non-biodegradability and poor drug release
characteristics.”® A general strategy to address these issues is
chemically or physically combining PNIPAAm with a bio-
degradable polymer(s). An example of this is the formulation
of an injectable thermo-responsive polymer, using a carbodi-
imide-mediated coupling reaction to graft PNIPAAM segments
onto the backbone chains of gelatin, a natural biodegradable
polymer that is also biocompatible.'® Pilocarpine (an antiglau-
coma agent) was mixed with the PNIPAAm/gelatin copolymer
solution at 25 °C, and the resultant solution was injected into
the anterior chamber of glaucomatous eyes. The drug-loaded
PNIPAAm/gelatin solution was rapidly transformed into a gel
in the anterior chamber (whose temperature is approximately
34 °C) as a result of the thermo-responsive nature of the
polymer (Fig. 7). The gradual biodegradation of gelatin within
the polymer allowed for a sustained release of pilocarpine and
lowered the high IOP to normal levels for 14 days (after a
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sive formulation for glaucoma treatment. (A) Schematic representation of intracameral administration of pilocarpine for glaucoma therapy using bio-

degradable in situ forming delivery systems composed of gelatin-g

-PNIPAAm. (B) Time-course of released pilocarpine concentration.

(C) Representative time-course slit-lamp biomicroscopy images of rabbit eyes in the following test groups: eye drop, free-drug, PN-drug, and GN-
drug. (a) 4 h, (b) 3 days, and (c) 2 weeks after pilocarpine administration. Scale bars: 5 mm. (D) Measurements of (a) IOP after pilocarpine adminis-

tration for the following test groups: eye drop, free-drug, PN-drug, and GN-

drug. Glaucoma (GL) animals receiving no drug served as control groups

(Ctrl). Follow-up time point: preoperation (Pre); hour (h); day (d). Reproduced from ref. 18 with permission from Elsevier, copyright 2011.

single dose). It is worth noting that the PNIPAAm/gelatin co-
polymer was synthesized by the carbodiimide-mediated coup-
ling of PNIPAAm brushes on the aminated gelatin backbone
networks. Thus, a variation in the amination degree of gelatin
would result in considerable changes in the structure-property
relationship of the thermo-responsive copolymer. Using adipic
acid dihydrazide, the amination degree of gelatin could be
optimized in response to a fixed feeding amount of PNIPAAm.
This led to the formation of an SRP-DDS with an enhanced
ability to sustain drug release and an improvement in glau-
coma treatment efficacy (effective for 56 days after a single-
dose intracameral injection).”® These results implied that the
amination degree of gelatin played a pivotal role in establish-
ing the structure-property—function relationship of the
thermo-responsive copolymer, and knowledge of these
relationships was critical for the development of effective
SRP-DDSs for glaucoma treatment.

7000 | Polym. Chem., 2020, 11, 6988-7008

Another critical factor in the design of PNIPAAm-based
DDSs is the selection of appropriate biodegradable polymers
or suitable synthetic processes. Combining chitosan (a slowly
biodegradable polymer) with PNIPAAm enhanced the bio-
degradation resistance of the resultant thermo-responsive
copolymer, thereby prolonging the release profile of pilocar-
pine over 63 days.'”® Free radical polymerization of NIPAAm
monomers in the presence of PEG is another effective method
used to formulate a thermo-responsive copolymer that can
sustain the release of brimonidine. A single time adminis-
tration of this formulation reduced the high IOP for 28 days
which is equivalent to 56 instillations of marketed eye drops
over the same period."®"

Naturally derived polymers are preferred for the develop-
ment of ophthalmic SRP-DDSs, probably owing to their excel-
lent biodegradability, good biocompatibility, and recognizable
moieties that support cellular activities.'®® In light of these
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advantages, a thermo-responsive injectable gelatin/chitosan/
B-glycerophosphate carrier was developed as an SRP-DDS for
latanoprost to regulate high IOP in glaucoma.'®® Rheological
analyses implied that the gelation temperature of the latano-
prost-loaded polymeric carrier was approximately 32 °C with a
gel formation time of less than 1 min at 37 °C. After subcon-
junctival injection of the thermo-responsive polymer solution
loaded with latanoprost (500 pg mL™'), the elevated IOP
decreased within 8 days and remained at normal levels for the
next 31 days (Table 1). Histological analysis did not reveal any
signs of inflammation at the end of the follow-up period (60
days). The results suggested that the thermo-responsive
gelatin/chitosan/p-glycerophosphate copolymer would have
potential uses for efficient management of glaucoma. This
thermo-responsive copolymer was further evaluated as a
carrier for the administration of eye drops noninvasively. After
topical instillation of the latanoprost-loaded thermo-respon-
sive copolymer, the elevated IOP in glaucomatous eyes was
considerably reduced within 7 days and maintained at normal
levels for the subsequent 21 days.'®* Alternatively, self-assem-
bling elastin-like and silk-elastin-like polymers can be used as
thermo-responsive polymers for the sustained release of anti-
glaucoma agents (such as timolol maleate). These formu-
lations can be instilled in the conjunctival sac of the eye
without irritation or inducing tear fluid turnover, and they
cause a 2-fold increase in the IOP reduction efficiency (com-
pared to the drug solution alone), thereby maximizing the
potential utility of these SRP-DDSs."%°

In addition to natural (co)polymers, synthetic copolymers
such as poloxamers, PLGA-PEG-PLGA, and PEG-PLC-PEG
have been intensively investigated for the development of
ophthalmic SRP-DDSs. Topical instillation of a timolol
maleate-loaded poloxamer allowed for the sustained release of
timolol maleate, thereby improving the IOP reduction
efficiency 2-fold compared to that by the administration using
the drug solution alone.'® The PLGA-PEG-PLGA thermo-
responsive copolymer was reported to be capable of extending
the release of brimonidine for 168 h, consequently enhancing
the IOP reduction efficiency 5-fold."®” Furthermore, the amphi-
philic PLGA-PEG-PLGA copolymers effectively solubilized
cyclosporine A in water because of the formation of polymeric
micelles. Subconjunctival administration of the cyclosporine
A-loaded PLGA-PEG-PLGA thermo-responsive copolymer solu-
tion inhibited scarring of the filtering bleb, maintained low
10P, and reduced complications. This demonstrated that the
thermo-responsive DDS is more effective than the application
of a local treatment using a solution of mitomycin C (an antifi-
brotic agent).'*®

Similarly, intracameral administration of a bevacizumab-
loaded PEG-PLC-PEG thermo-responsive copolymer solution
was able to increase the effective time of IOP reduction
approximately 4.7x. Additionally, it allowed for the mainten-
ance of the subconjunctival space at the appropriate size 28
days after glaucoma filtration surgery, and displayed negligible
levels of fibroblast hyperplasia and new collagen tissue depo-
sition.'®® Also, Pluronic and the poly(trimethylene carbonate)/
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Pluronic/poly(trimethylene carbonate) polymer mixture have
been utilized as thermo-responsive polymer mixtures for the
long-term regulation of postoperative proliferation and main-
tenance of bleb filtering with minimal complications after
glaucoma filtration surgery.''®''" These results demonstrate
another potential use of SRP-DDSs based on thermo-respon-
sive polymers for glaucoma surgery.

3.4.2. Treatment based on pH-responsive polymers. The
development of ophthalmic DDSs based on pH-responsive
polymers is another effective approach used to treat chronic
diseases such as glaucoma via the enhancement of the low
drug bioavailability associated with eye drops administered to
the ocular surface. Carbopol, a typical pH-responsive material,
has been exploited as the key component for the ophthalmic
delivery of antiglaucoma agents."'>'** To avoid eye irritation
that might be caused by the acidic nature of carpobol, HPMC
was added as a viscosity-enhancing agent. Although HPMC is a
thermo-sensitive polymer, its LCST is approximately 50 °C;
therefore, any application of this polymer at a temperature
below 50 °C will not be affected by its thermo-responsive
nature (ocular surface temperature is far below the LCST of
HPMC). A 32 full factorial design was employed to prepare
in situ gel formulations using different concentrations of carbo-
pol and HPMC. Using this design, the optimal concentration
for both polymers (carbopol and HPMC) to form as pH-respon-
sive in situ gelling carriers for dorzolamide was found to be
0.1%.""? At this concentration, the carbopol/HPMC solution
flowed freely under ambient conditions and formed a viscous
gel on the ocular surface. In vitro and in vivo studies showed
that this pH-responsive polymer retained dorzolamide on the
eye better than the drug solution, as shown by an approxi-
mately 6-fold enhancement in IOP reduction efficiency.
Additionally, this pH-responsive polymer DDS has been
reported to be capable of promoting the sustained release of
brimonidine tartrate.'*® Experimental data demonstrated that
the optimized formulation possessed gelling capability under
physiological conditions and improved drug bioavailability
when compared with the marketed eye drop formulation (seen
from the 2-fold increase in IOP reduction efficiency). Therefore,
the newly developed pH-responsive polymers are promising
candidates that can be used as ophthalmic formulations to
prolong the therapeutic effect of conventional eye drops. This
can be credited to their capability to reduce the elevated IOP of
the glaucomatous eye while reducing the number of required
interventions and improving patient comfort.

3.4.3. Treatment based on ion-responsive polymers. The
most extensively investigated ion-responsive polymer is gellan
gum, a natural and high molecular weight polysaccharide
secreted by Pseudomonas elodea. Gellan gum has been explored
to create ion-responsive ophthalmic formulations containing
brinzolamide (a non-competitive, effective, and very specific
carbonic anhydrase inhibitor) used for the treatment of glau-
coma."™* Previous studies indicated that the optimal concen-
tration of gellan gum was 0.25% w/v, and the solution was
quickly converted into a flowing gel when mixed with simu-
lated tear fluid, consequently allowing for the release of brin-
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zolamide in a controlled manner. Moreover, the topical admin-
istration of the brinzolamide-loaded gellan gum onto the eye
was proven to be safe. Pharmacodynamic studies suggested
that the developed ion-responsive formulation effectively
increased the IOP reduction efficiency 3-fold as compared to
drug solution. More recently, gellan gum has been used as an
ion-responsive in situ gelling agent for ophthalmic formu-
lations consisting of brinzolamide, dimethyl sulfoxide, poly-
oxyl 35 castor oil, and polysorbate 80."'*> The developed formu-
lation transformed into a gel when topically instilled onto the
conjunctival sac of the eye, thereby extending the residence
time (up to 16-24 h). Single-dose instillations of the ion-
responsive ophthalmic formulation provided the same thera-
peutic benefits when compared with treatment using 3-4
instillations of the commercially available product Azopt®
(brinzolamide 1.0% w/v, Alcon Laboratories, USA). The tested
formulations were tolerated, and they reduced the IOP from
between 25 and 28 mmHg to 12 and 14 mmHg. Furthermore,
a remarkable increase in the area under the change in IOP
from the baseline vs. time curve and a longer mean residence
time (7.4 to 17.7 h) were also achieved for the test formu-
lations, which were longer than those of the marketed Azopt®
suspension (4.9 h).'*® It has also been reported that mixing
gellan gum with other biopolymers such as xanthan gum and
HPMC significantly enhanced the mucoadhesive force of
gellan gum-based formulations while maintaining their ion-
responsive properties. Formulations based on mixtures of
gellan gum/xanthan gum and gellan gum/HPMC exhibited
higher therapeutic efficacies and more prolonged IOP-
reduction effects in comparison with marketed eye drops.
Additionally, the gellan gum/xanthan gum provided superior
advantages over the gellan/HPMC and was thus considered as
a promising ion-responsive polymeric formulation for topical
administration of Acetazolamide.""®

3.5. Age-related macular degeneration

MD is a progressive chronic disease of the central retina that
results in vision deficits."'” Worldwide, it affects 10% of
people older than 65 years and more than 25% of people older
than 75 years."'® At the late stages of the disease, vision loss
usually occurs because of neovascular MD (wet type) and geo-
graphic atrophy (dry type). Currently, the standard treatment
for MD is the intravitreal injection of medications capable of
suppressing the vascular endothelial growth factor (VEGF).
Commercial anti-VEGF drugs for the intravitreal treatment of
MD are bevacizumab (Avastin), ranibizumab (Lucentis), and
aflibercept (Eylea/Zaltrap). However, the efficacy of these drugs
is limited by clearance action governed by intraocular fluids,
leading to shorter drug half-lives on the order of 7 days.'**"*°
Therefore, it is highly imperative to develop ophthalmic DDSs
that can sustain the delivery of anti-VEGF drugs and maintain
their anti-angiogenic activity in the vitreous cavity, thereby
reducing frequent intravitreal injections.

3.5.1. Treatment based on thermo-responsive polymers.
Recently, multi-block copolymers have been explored as
thermo-responsive materials for the delivery of anti-VEGF drugs
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such as bevacizumab and aflibercept towards the treatment of
MD."*! The copolymer comprises a PEG hydrophilic segment, a
poly(propylene glycol) (PPG) hydrophobic segment, and a bio-
degradable poly(e-caprolactone) segment (Fig. 8). To achieve the
optimal in situ gelling formulation for extended anti-VEGF
release, the PEG : PPG ratio was varied at a fixed PCL amount.
In other words, the sol-gel transition temperature could be
tuned by varying the PEG : PPG ratio, thus regulating the release
of anti-VEGF drugs. The formulation with a PEG : PPG ratio of
4:1 was found to be the optimal choice for sustaining the
release of bevacizumab and aflibercept up to 40 days.
Therapeutic delivery of anti-VEGF drugs by the developed co-
polymer was evaluated using an ex vivo choroidal sprouting
model, demonstrating that the gelling formulations induced a
considerable reduction in the relative sprouting percentage by
greater than 80% when compared with the gel alone (Fig. 8).
Furthermore, a persistent rabbit retinal neovascularization
model was employed to determine the therapeutic efficacy of
the drug-loaded PEG-PPG-PCL thermo-responsive polymers. It
showed that vascular leakage could be suppressed for at least
28 days by intravitreal injection of the thermo-responsive for-
mulation (Fig. 8). These results suggested that the released anti-
VEGF drug from the PEG-PPG-PCL thermo-responsive polymer
was active and able to suppress angiogenesis in vivo for at least
28 days, displaying a potential treatment of MD. Other multi-
block polymer systems such as PLGA-PEG-PLGA and PEG-
PLLA-PNIPAAm have recently been employed as promising can-
didates for the development of novel thermo-responsive DDSs
as therapeutic strategies for MD (Table 1).'?*'%?

Poly(ethylene glycol)/poly-(serinol hexamethylene urethane)
(PEG/PSHU), synthesized by coupling the hydrophilic PEG
block with a hydrophobic PSHU counterpart, has been
reported to be capable of sustaining the release of bevacizu-
mab in the posterior segment of the eye.'** The PEG/PSHU
thermo-responsive polymer solution was effortlessly injected,
well-tolerated in vivo, and non-cytotoxic. Bevacizumab was sus-
tainably released for over 9 weeks at drug concentrations that
were 4.7 times greater than those detected in the eyes receiving
bolus bevacizumab injections. The increased bioavailability of
bevacizumab for prolonged time periods suggested that the
in situ formed gel protected the drug from degradation.
Although the thermo-responsive in situ gelling formulation
was administered inside the eye, the gel exerted no effects on
IOP, and no histological inflammation was observed. In
another study, a thermo-responsive polymer, prepared via
functionalization of PEG with polyester polyol (PP), was able to
provide a sustained release profile of bevacizumab for over 183
days.'”® The PEG/PP thermo-responsive polymer solution did
not exhibit toxic effects in human and rat cells in vitro. Also, at
1-month post-injection, no changes in IOP, and no alterations
in the retinal function and structure were observed. The in situ
gelling formulation inside the eye did not cause any inflam-
mation, gliosis, or apoptosis in the retina. Therefore, these
results serve as the basis for exploring the use of thermo-
responsive polymers in the treatment of MD via the effective
delivery of anti-VEGF drugs.
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Fig. 8 Development of a multi-block thermo-responsive copolymer for protein/anti-VEGF drugs and its applications for inhibiting choroidal vessel
sprouting in an ex vivo model and suppressing vessel leakage in a retinal neovascularisation rabbit model. (A) Schematic of copolymer composition
by functions. (B) Protein drug mixed with the copolymer; when heated, the multi-block copolymer is able to generate crosslinks and transform into
a gel to encapsulate the protein drug. (C) Schematic of the choroidal sprouting experiment. Choroidal explant harvested from mice was embedded
in Matrigel and cultured in medium. Thermo-responsive copolymer alone and thermo-responsive copolymer with Aflibercept and Bevacizumab
were placed in trans-wells and were placed on top of explants. The presence of pores allowed free exchange between the upper chamber (contain-
ing the copolymer + anti-VEGF) and lower chamber (containing choroidal explants). (D) Images of sprouting from choroidal explants were taken
after 4 days of co-culture; quantification of percentage sprouting was performed. (E) Fluorescence angiography graph displays the leakage of fluor-
escein at the baseline. Treatment with Aflibercept alone and Aflibercept encapsulated in a 20% thermo-responsive copolymer suppressed vessel
leakage, and did not recur for more than 28 days. (F) Clinical grading of fluorescence leak intensity by lesion grade, observed until 28 days.

Reproduced from ref. 121 with permission from the Royal Society of Chemistry, copyright 2019.

3.5.2. Treatment based on ion-responsive polymers.
Intravitreal administration is considered to be the gold stan-
dard for treating patients with MD. However, it is painful for
the patient, associated with a high risk for ocular infection,
and induces hemorrhage, retinal detachment, and many other
complications.'*® Additionally, MD is a disease that occurs in
the posterior segment of the eye, which raises more obstacles
for treatment using noninvasive methods. Therefore, it is
necessary to develop new treatment strategies to not only
prevent MD progression at an early stage but also to deliver
therapeutics to target sites in the retinal region. A major risk
factor that plays a pivotal role in the pathological process of
MD is oxidative stress.'>” To address this, developing ophthal-
mic formulations that can scavenge excessive oxygen species
and protect the retina from oxidative stress damage is of sig-
nificant importance for the treatment of MD. One example of
this is the ion-responsive ophthalmic formulation, consisting
of lutein (an antioxidant), stearyl penetratin (a cell-penetrating
agent), a nanoemulsion (a water-soluble enhancer), and gellan
gum (an in situ gelling agent)."*® The developed formulations

This journal is © The Royal Society of Chemistry 2020

can protect retinal cells from the damage caused by hydrogen
peroxide and suppress intracellular reactive oxygen species.

When topically instilled into the conjunctival sac, the for-
mulation solution transformed immediately into the gel state,
prolonging the retention time of lutein. Additionally, this gel
exerted no irritation and no toxicity to the eye. With the assist-
ance of the penetrating peptide, lutein was quickly delivered to
the posterior segment of the eye and distributed in the retinal
region. In a dry MD mouse model, the therapy based on
topical administration of the ion-responsive formulation effec-
tively protects the retinal structure, while suppressing oxidative
stress and inhibiting cell apoptosis. This ion-responsive for-
mulation holds great promise for the treatment of MD and
other fundus diseases.

4. Beyond sustained drug release

To develop ophthalmic SRP-DDSs with improved therapeutic
outcomes, it is imperative that we not only increase drug bio-
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availability at lesion sites but also provide additional thera-
peutic effects. When pharmacologically treating diseases
occurring on the ocular surface, anchoring the responsive for-
mulation onto the mucous layer of the tear (which is the bio-
logical entity of interest) is an effective approach. This allows
for the extension of drug residence time at the pre-corneal
region and also enhancement of drug permeation through the
underlying corneal epithelium. To this end, the lectin helix
pomatia agglutinin (HPA), a protein/glycoprotein of non-
immunological origin which has distinct carbohydrate-
binding specificities, has been covalently bound to the
PNIPAAm/gelatin thermo-responsive copolymer via a carbodi-
imide-mediated coupling reaction.’*® The role of the lectin
HPA in the ternary material system is to enhance the adhesive
capabilities of the thermo-responsive copolymer by mediating
binding to carbohydrates on the mucus or epithelial cell
surface.”®® The HPA-functionalized thermo-responsive copoly-
mer exhibited similar in situ gelling characteristics compared
with the non-functionalized counterpart when placed in
contact with the ocular surface. Because of highly mucoadhe-
sive properties, the functionalized thermo-responsive gel
strongly binds to the mucus layer of the tear film, which pre-
vents the gel from draining out by the tear fluid and blinking
action of the eye. In contrast, the thermo-responsive PNIPAAm/
gelatin carrier without the lectin HPA showed poor mucoadhe-
sive properties, resulting in faster drug clearance. In a rabbit
model of DE, topical instillation of the HPA-functionalized
PNIPAAm/gelatin carrier loaded with EGCG was demonstrated
to effectively repair corneal epithelial defects. This was done
by attenuating cellular inflammation, oxidative stress, and cell
apoptosis for 14 days post-treatment while the drug-loaded
PNIPAAm/gelatin system sustained therapeutic effects for less
than 5 days.'*’

A favorable SRP-DDS for the treatment of ocular diseases
must not only possess a sustained drug release profile but also

Forgresg
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inhibit related risk factors (such as inflammation and oxi-
dative stress) that are not treated by the encapsulated drug. In
this context, polyamidoamine (PAMAM) dendrimers have been
explored in PNIPAAm/gelatin thermo-responsive carriers
because they are biodegradable and regulate the inflammatory
response.’*! This study showed that the drug release profile
and anti-inflammatory effects were strongly influenced by the
generation of PAMAM dendrimers. Due to the specific struc-
ture of the third generation of the PAMAM dendrimers, such
as sufficiently large interior cavities and an adequate number
of amine surface groups, the synergistic effects in the
PNIPAAm-gelatin copolymer can be optimized. This process
endows the SRP-DDS with extended drug release profiles
(greater than 80 days) and potent anti-inflammatory activities
against nitric oxide, interleukin-6, phospho-p38, and prosta-
glandin E2. The one-time intracameral injection of the
optimal thermo-responsive polymer coloaded with pilocarpine
and ascorbic acid resulted in the effective mitigation of pro-
gressive glaucoma by simultaneously suppressing inflam-
mation and stimulating the regeneration of stromal collagen
and retinal laminin. In another study, the incorporation of
4-hydroxy-3,5-dimethoxybenzoic acid (an antioxidant) with a
PNIPAAm/chitosan thermo-responsive copolymer endowed the
responsive carrier with strong antioxidant activities without
deterioration of its drug encapsulation ability or release
efficiency.'* Specifically, the study demonstrated the develop-
ment of an advanced SRP-DDS to treat glaucomatous optic
neuropathy, which is mainly associated with three main risk
factors, including ocular hypertension, oxidative stress, and
neuronal degeneration (Fig. 9). The backbone chains of bio-
degradable chitosan are covalently bonded with PNIPAAm seg-
ments and the benzoic acid derivative molecules, and this
allows for the establishment of injectable, thermo-responsive,
and antioxidant carriers. Pharmacological treatment relied on
a single intracameral injection of the SRP-DDS coloaded with

Ocular ANy Cchitosan Pilocarpine
o /\ hypertension

Y PNIAAM-COOH RGFP966

[9)
\, @ Benzoic acid derivative

~N
RGFP966

Neuronal apoptosis
J/

Glaucomatous eye

Fig. 9 Schematic illustration of a pharmacological treatment of glaucomatous optic neuropathy using a benzoic acid derivative-modified
PNIPAAm/chitosan copolymer as a therapeutic SRP-DDS. Reproduced from ref. 132 with permission from Elsevier, copyright 2019.
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pilocarpine and RGFP966, which remarkably alleviated the
chronic disease for an extended period (greater than 70 days).

Noninvasive delivery of ophthalmic drugs to the interior
parts of the eye for effective pharmacotherapy of intraocular
diseases remains a great challenge because of the presence of
ocular physiological barriers. To overcome these obstacles, the
SRP-based carriers must be capable of penetrating through the
cornea, delivering ophthalmic drugs to targeted intraocular
tissues and lesion sites, as well as sustaining pharmacological
activity. In this regard, an advanced SRP-DDS consisting of
chitosan, ZM241385 (targeting agent), and hollow ceria nano-
particles (therapeutic carrier) has been rationally designed."*?
For this SRP-DDS, chitosan, a pH-responsive polymer capable
of opening epithelial tight junctions, played the dual role of
facilitating the nanocarriers to penetrate through the cornea
and sustaining the drug release.**'** Single topical instilla-
tion of the developed formulation onto experimental glauco-
matous eyes effectively mitigated disease progression for 7
days while using commercial eye drops had an effective treat-
ment time of approximately 4 h. This significant enhancement
in effective treatment time is possibly due to improved intra-
ocular drug delivery (characterized by a 250-fold increase in
drug bioavailability) and the intrinsic therapeutic activity of
the nanocarriers. These findings suggest a new strategy for
using SRPs to develop advanced ophthalmic formulations for
the efficient management of ocular diseases that occur within
the inner segments of the eye.

5. Conclusions

A large number of design strategies have been proposed to over-
come the physiological barriers of the eye in order to improve
drug bioavailability while reducing medical intervention times
and decreasing the adverse effects. In this mini-review, recent
advances in the development of stimuli-responsive polymer-
based drug delivery systems for the treatment of ocular diseases
are discussed. Firstly, typical stimuli-responsive polymers
employed in ophthalmic formulations were presented and ana-
lyzed based on their responses to ocular environmental con-
ditions such as temperature, pH, and ion composition. Also,
basic information on the stimuli-response mechanisms of these
polymers is provided. Guidance on design strategies and meth-
odologies to develop effective ophthalmic stimuli-responsive
drug delivery systems is provided, and critical factors such as
stimuli response type, ocular biocompatibility, ocular bio-
degradability, drug encapsulation, and release, and chemical
structure of polymers are discussed. The review also rec-
ommends polymers derived from both natural and synthetic
sources as well as their combinations for use in the develop-
ment of stimuli-responsive drug delivery systems. Importantly,
applications of stimuli-responsive polymer-based drug delivery
systems for the treatment of prevalent ocular diseases such as
dry eye, ocular infection, glaucoma, and age-related macular
degeneration were systematically analyzed and summarized
(Table 1). Also highlighted is the chemical combination of the

This journal is © The Royal Society of Chemistry 2020
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stimuli-responsive polymers with functional biomaterials to
establish novel drug delivery systems with advanced functions
and multiple therapeutic effects for better treatment efficacies.
Our purpose in this review was to attract attention to the struc-
ture-property-function relationships of stimuli-responsive
materials for innovative therapeutic strategies and thereby serve
to fill the spaces between the perspectives on the chemistry and
biology of polymers as well as materials engineering. This
review is also expected to motivate biomedical scientists to view
stimuli-responsive polymers from a materials perspective and
materials researchers to consider the health and biomedical
implications of designing stimuli-responsive polymers for drug
delivery systems. A promising direction for future studies can be
focused on structural modification/manipulation of stimuli-
responsive polymers with functional biomaterials of interest.
For example, to develop topical eye drops using stimuli-respon-
sive polymers, one should consider that the mucous layer of the
tear film is the first static biological entity to interact with the
produced formulations. Considering the presence of glyco-
proteins in the mucous layer, the functional biomaterials of
interest can be designed/selected to possess thiol groups, which
allow the formation of disulfide bonds with cysteine-rich subdo-
mains of the glycoproteins, consequently bestowing the stimuli-
responsive polymers with high muco-adhesion performance
(i.e., enhancing drug bioavailability on the pre-corneal
region)."*® For treating diseases occurring in the innermost
parts of the eye such as macular degeneration, chemical grafting
of stimuli-responsive polymers with biomaterials that can
enhance the transport of designed formulations to the retina
and target pharmacological sites of action (e.g., drusen) would
be of immense benefit for improved pharmacotherapies.
Addition of such prospective features to stimuli-responsive poly-
mers can be achieved by proper exploitation of retinal tissue-
penetrating/targeting agents such as cell penetrating peptides
and protein complement component 3. However, in addition to
advancing the functions of the stimuli-responsive polymers,
issues involving the safety, stability, sterility, and purity of the
developed ophthalmic formulations need to be thoroughly con-
sidered from early stages during the development.
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