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Abstract

The physiological barriers of the eye pose challenges to the delivery of the array of therapeutics
for the effective medication of ocular diseases as well as patient compliance. While the
innovations in drug encapsulation and release mechanisms, biocompatibility, and treatment
duration have become highly sophisticated, the challenge of widespread application of hydrogel
formulations in the clinic is still apparent. This article reviews the latest hydrogel formulations and
their associated chemistries for use in ocular therapies, spanning from external anterior to internal
posterior regions of the eye in order to evaluate the state of recent research. This article discusses
the utility of hydrogels in soft contact lens, wound dressings, intraocular lens, vitreous substitutes,
vitreous drug release hydrogels, and cell-based therapies for regeneration. Additional focus is
placed on the pre-formulation, formulation, and manufacturing considerations of the hydrogels
based on individual components (polymer chains, linkers, and therapeutics), final hydrogel
product, and required preparations for clinical/commercial applications, respectively.
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1. Introduction

Ocular diseases and visual impairment are highly prevalent across the globe and can be
debilitating to the affected patient. These diseases include infection and inflammation like
conjunctivitis, age-related macular degeneration (AMD), glaucoma, and diabetic retinopathy
as the leading causes of worldwide blindness (Wong et al., 2014, Tham et al., 2014, Ting et
al., 2016). Despite deviating in the affected area and tissue of the eye, these diseases share a
worst-case scenario outcome: total vision loss. The variability of onset and severity is also
significant, making diagnosis and treatment highly individualistic. Additionally, the structure
of the eye and its tissues and barriers make the design of treatment modalities challenging.
The orb itself is composed of three concentric coats — the fibrous (sclera and cornea) layer,
the choroid, and the nervous layer (retina) — separated into anterior and posterior segments.
The anterior chamber includes the cornea, iris, ciliary body, crystalline lens, and aqueous
humor, while the posterior chamber holds the vitreous humor, retina, retinal pigment
epithelium (RPE), and optic disk.

Current treatment modalities for ocular diseases include approaches ranging in degree of
invasiveness to reach the afflicted tissues, from conventional liquid drops to direct injection
into the vitreous, as well as surgical procedures to remove damaged areas and to implant
devices (Yang et al., 2012, Xing et al., 2014, Abell et al., 2015, Chuang et al., 2014).
However, each treatment technique comes with its own set of advantages and drawbacks.
Eye drop solutions, like those to treat the symptoms of elevated intraocular pressure (I0P) in
glaucoma, only have a bioavailability of 5% due to the low corneal penetration exacerbated
by blinking and lacrimation (Farkouh et al., 2016). As a result, frequent administration is
required, but this is often met with poor patient compliance (Robin and Grover, 2011).
Additionally, topically applied pharmaceutics are not suitable for treatment of posterior
tissues of the eye. Systemic delivery of drugs for the treatment of ophthalmic diseases can
also present difficulties in low ocular targeting and therapeutic levels in the relevant tissues
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due to the selectivity of the blood-retinal barrier (BRB). Adverse off-target effects also
accompany this treatment route (Kim et al., 2014). Local treatment to the vitreous is an
approach to circumvent the bioavailability issue; however, this technique is more invasive.
Intravitreal injection (IV1) uses a small gauge needle to puncture through the fibrous and
vascular tunics of the eye. While deemed relatively safe, complications such as retinal
detachment and endophthalmitis can arise (Kang Derwent and Mieler, 2008). Another aspect
to consider for treatment delivery is the drug itself. Small hydrophobic and hydrophilic drug
molecules, proteins, and nucleic acids encompass some of the ocular therapeutics and differ
in their mode of action, half-life, toxicity, and minimum therapeutic level.

Given the physiological barriers of the eye, challenges in the effective delivery of the array
of therapeutics, and overall patient compliance with treatment options, innovative delivery
methods are required to enhance the field of ophthalmic medicine. In addition to ocular drug
delivery systems such as colloids (Fangueiro et al., 2014, Costa et al., 2015), and polymeric
implants (Yasin et al., 2014), hydrogels are another class of material that offer favorable
properties for sustained drug release (Kirchhof et al., 2015). Composed of a three-
dimensional network of hydrophilic polymer chains, hydrogels have a high capacity for
water retention. Their properties such as stimuli-responsiveness to heat, pH, and light (Lim
et al., 2014) can be altered with monomers and crosslinkers employed. These properties are
particularly useful for drug loading with controllable release mechanisms, as well as in situ
gelation for ease of delivery of liquid-gel formulations. Hydrogels have already found their
way into clinical ophthalmology in the form of soft contact lenses (SCLs) and intraocular
lenses (IOLs), as well as some drug-eluting hydrogels. These examples mainly treat the
anterior segments of the eye while research into posterior applications is being widely
investigated. Figure 1 demonstrates the current and potential applications of hydrogels of
ophthalmic treatment.

This article reviews the latest hydrogel formulations and their associated chemistries for use
in ocular therapies, spanning from external anterior to internal posterior regions of the eye in
order to evaluate the state of recent research. This article also includes discussion of SCLs,
wound dressings from trauma or surgery, 10Ls, vitreous substitutes, vitreous drug release
hydrogels, and cell-based therapies for regeneration. Additional focus is placed on the pre-
formulation, formulation, and manufacturing considerations of the hydrogels based on the
individual components (polymer chains, linkers, and therapeutics), the final hydrogel
product, and required preparations for clinical/commercial applications, respectively.

2. Hydrogel preparation and therapeutic loading considerations

Designing the ideal ocular treatment or drug delivery platform requires an understanding of
not only the mode of action of the therapeutic but also the components that make up the
vehicle. As alluded to previously, hydrogels are a network of monomers and multifunctional
linkers that react to form a flexible, water-laden structure. The network formation is
achieved with hydrophilic monomers that would otherwise be solubilized in non-crosslinked
form. Crosslinkers are what make the overall hydrogel structure insoluble but retain a high
water fraction (Ahmed, 2015). This basic definition of hydrogels allows users a high degree
of tuning: by altering the crosslinking density one can control for porosity, swelling,
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mechanical strength, and degradation rates. Additionally, specific functionalized hydrogel
components can be used that respond to a biological stimulus. This ability to change based
on the surrounding environment has major implications for in situ forming hydrogels — those
that crosslink when temperature increases from room temperature to body temperature — as
well as controlled drug release as a result of pH or photostimulation.

Hydrogels can be composed of natural or synthetic monomers. Natural hydrogels have been
extensively researched for tissue engineering purposes for their biocompatibility and
degradation into non-toxic constituents. Examples of natural polymers include hyaluronic
acid, chitosan, and collagen. The vitreous humor itself is a hydrogel composed of collagen
fibers and the glycosaminoglycans (GAGS), hyaluronic acid, chondroitin sulfate, and
heparan sulfate (Alovisi et al., 2017). Naturally-derived hydrogels can also interact with
biomacromolecules, which could represent an advantage in the case of attracting vitreous
seeds from escaping through needle injection tracks, or a disadvantage in cases of protein
adsorption on IOL replacements. Compared to synthetic polymers, the limitations of
naturally-derived hydrogels, however, are their relatively weak mechanical strength,
difficulty in reproducing accurate formulation and dosage loading amounts, and
immunogenic risks (Kirchhof et al., 2015). Synthetic polymers are those not found in nature,
with common ones being poly(ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), and
poly(hydroxyethyl methacrylate) (PHEMA) (Yu et al., 2014, Jiang et al., 2014, Galante et
al., 2015). Hydrogels made of synthetic polymers can be more finely tuned for specific
applications over natural polymer hydrogels, have higher batch-to-batch reproducibility, and
longer stability. However, the disadvantages of synthetically-derived hydrogels include
clearance and break down into toxic by-products.

Polymer crosslinking can be subdivided into two approaches: physical and chemical (Figure
2). The former can occur via chain entanglement, hydrogen bonding, hydrophobic
interactions, complexation and crystalline formation (Hoare and Kohane, 2008, Wang et al.,
2018). Though stable enough to avoid aqueous solubilization, degradation of physically
crosslinked hydrogels can occur through some stimulus, such as heat, pH, ionic strength, and
mechanical forces, as this type of crosslinking is reversible. Chemical interactions, on the
other hand, produce permanent hydrogels through covalent interactions of polymer and
crosslinker functional groups. Polymerization into a hydrogel network can proceed through
chain growth, addition, or condensation reactions for producing finely-tuned hydrogels.
Other chemistries associated with chemical crosslinking are click chemistry via azide-alkyne
cycloaddition, Michael-addition, and Diels-Adler reactions (Xu et al., 2017, Wang et al.,
2017a).

3. Hydrogel developmental stages — from bench to bedside

It is essential to consider the final application scenario when developing hydrogels in the
laboratory. The process of designing an ocular hydrogel, synthesizing the formulation, and
preparing it for clinical use can be divided into three developmental steps: 1) pre-
formulation step, which is centered on the selection of polymer and crosslinking
constituents, the reaction type, and specifications; 2) formulation step, which includes the
hydrogel itself and the method of action, payload encapsulation, and its release are
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collectively defined as the formulation; and 3) manufacturing step, which includes hydrogel
scale-up, shelf-life of the hydrogel and therapeutic agent, sterilization techniques, and the
delivery method and associated tools and equipment. Table 1 summarizes the associated
properties and test parameters used to characterize hydrogels at each of these three
developmental stages.

3.1 Pre-formulation

In pharmaceutical science, pre-formulation refers to the assessment of the physiochemical
properties of drugs and other therapeutic agents with or without excipients for a better
understanding of dosage form design (Sigfridsson and Carlsson, 2017). In this section, the
previous definition for the assessment of active pharmaceutical ingredients will be extended
to encompass the characterization techniques of hydrogels and their components: polymers,
crosslinkers, and payload. Commonly characterized physiochemical properties for drugs
include solid state thermal analysis, ionization constant (pKa), solubility and stability, along
with the associated changes based on temperature and pH (Barich et al., 2005). A major
aspect of pre-formulation is the interaction of the payload with the components of the
hydrogel, and how it changes the drug’s pure form behavior. This can be particularly
problematic when the drug is added to the gelation reaction. Hammer et al. studied the
modification of lysozymes during gelation of different functionalized PEG chains
(maleimide, vinyl sulfone, and acrylamide groups). They found that Michael-type additions
occurred between nucleophilic amino acid residues and vinyl groups based on pH, with
detection of 96% unmodified lysozymes with PEG-acrylamide at pH 4, and more than 80%
PEG-modified (humber of PEG chain modifications: 1-5) lysozymes from physiologic pH
to pH 9 with PEG-vinyl sulfone (Hammer et al., 2015). While simultaneous drug
incorporation and in situ drug gelation allows for exact loading estimates and loading
reproducibility, these modifications can cause the therapeutic to lose its functionality and
prevent the effective release from the hydrogel. However, there are some approaches to
avoiding this loss of activity during loading. The first is to functionalize for covalent
conjugation during the crosslinking process and allowing it to incorporate into the gel
network whereby it can be released through an environmental stimulus in the body (Lv et al.,
2014). This method maintains a good control over drug loading amount while minimizing
the loss of bioactivity and incorporating a controlled release mechanism. Another approach
is to load the hydrogel by submerging the crosslinked hydrogel in a concentrated solution of
the drug. This approach minimizes the possibility of altering the therapeutic but can lead to
batch-to-batch variable drug content. The release of the drug can be aided by diffusion in
response to a concentration gradient in the target tissue or by stimulus-activated hydrogel
degradation, such as ion-, pH-, light-, and temperature-sensitivity (Fernandez-Ferreiro et al.,
2015, Kharkar et al., 2015, Luo et al., 2016).

3.2 Formulation

While the pre-formulation section discussed the characterization of the individual hydrogel
components and their interactions, this section will focus on the properties of the drug-
loaded hydrogel in terms of its network and mechanical properties, stability and drug release
kinetics, and the overall safety of the hydrogel and the degradation products. The eye is a
unique organ of physiologically distinct tissues and layers. Its dynamic and static barriers,
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ion containing films, and high turn-over aqueous humor versus viscous vitreous humor mean
that hydrogel optimization is required for each targeted region of the eye. Generally, the
resulting hydrogel should be transparent, flexible, and biocompatible, as well as retain a
large fraction of water, however more specific properties are required depending on the
precise application. A hydrogel for topical application should be flexible, mucoadhesive, and
minimally viscous, while a sustained drug release hydrogel for vitreous delivery should have
a viscosity matching that of the vitreous gel. Besides the favorable properties of the
hydrogels with regards to ocular treatment, it must also possess the proper interaction with
the therapeutic so that it is available in proper dosage amounts and stable over the intended
delivery duration. Depending on hydrogel crosslinking (physical or chemical), loading
method (simultaneous or post-crosslinking), drugs can be passively delivered out of the
hydrogels via diffusion, displacement as a result of hydrogel swelling, or through the
disintegration of the hydrogel network naturally over time or in response to a physiological
stimulus. Factors that affect these passive drug release approaches include polymer
concentration in the hydrogel, crosslinking density, and the overall affinity of the payload for
the hydrogel constituents (Kirchhof et al., 2015). An alternative is to covalently conjugate
the drug to the polymer via cleavable functional groups to create a polymer-therapeutic
prodrug hydrogel. The release of the drug and associated degradation of the hydrogel could
then be triggered in response to temperature, pH, ions, enzymes, or light (Casolaro et al.,
2012, Yu et al., 2017). A drawback to relying solely on chemically conjugated drugs to the
polymer is similar to the loss of activity as described above, as well as limiting the amount
of the payload within the hydrogel.

3.3 Manufacturing

The advantages hydrogels offer over other materials for ocular drug delivery are apparent
through the growth of research in the field to treat an array of ocular diseases. However,
many hydrogel formulations do not make it to the clinic for several reasons, with most being
used for SCLs, IOLs, or topically applied in situ hydrogels. Manufacturing of hydrogels into
commercial and clinical products requires the following considerations: sterilization, shelf-
life evaluation of the hydrogel (whole and individual constituents) and payload, and delivery
tool compatibility with the hydrogel formulation for least administration (Kirchhof et al.,
2015).

Sterilization is required to prevent infection of the target tissue upon vehicle delivery.
Sterilization falls into two major categories, aseptic and terminal (Galante et al., 2018).
Aseptic refers to the sterilization of the components separately before combination, but this
requires extreme care to avoid downstream contamination. Terminal sterilization refers to
the sterilization of the final formulation and its readiness for subsequent use. Materials can
be sterilized via physical and chemical methods (Figure 3). Steam heat (SH) and dry heat
(DH) are two physical approaches that require timed exposure to very high temperatures (SH
— 15 min at 121-124 °C; DH - 30 min at ~180 °C). These temperatures and durations are
sufficient to reduce microbial presence to acceptable levels but can lead to degradation of the
hydrogel and the therapeutic payload.
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lonizing radiation represents the second type of physical sterilization. It is achieved through
energizing electrons through an electron accelerator, or by gamma irradiation (GI). The
latter is commonly used to disinfect pharmaceutics and medical equipment, due to its ability
to sterilize at low temperatures, lack of chemical residue, and immediate availability post-
sterilization. However, as with heat sterilization, alteration of the irradiated formulations can
occur. Chemical sterilization approaches include the use of gases and liquids, most
commonly with ethylene oxide and alcohols, aldehydes, and phenols, respectively. Again,
these approaches remove the disadvantage of altering the formulation integrity when
exposed to high temperatures; however, lengthy aeration and multiple rinses are required for
gas and liquid sterilized materials. The most significant issue with all these disinfection
methods is the risk of altering the expected function of the formulation and its payload.
Hydrogels are susceptible to degradation, decomposition, further crosslinking, and inducing
toxic effects as a result of the sterilization as mentioned above techniques. The presence of
water in hydrogels also exacerbates some of the destructive effects of sterilization. Galante
et al. provide an extensive review of the relatively narrow field of different sterilization
techniques on natural and synthetic polymer hydrogels and those containing active drug
compounds (Galante et al., 2018). They also touch on the unchartered territory of
researchers performing sterilization during the hydrogel formation, to utilize the unfavorable
sterilization-induced polymerization for hydrogel formation. Not only would it produce a
final sterile hydrogel but would also remove the need for a polymerization initiator. Several
labs have produced sterilized polymer via SH, GlI, and ethylene oxide (Ji and Shi, 2012,
Zhang et al., 2016, Ferraz et al., 2014).

Stability of the drug-loaded hydrogel, or the shelf-life of the constituents in a form for
optimal user compliance, represents another challenge in the hydrogel manufacturing
process. In most cases, final hydrogel formulations do not remain stable for very long due to
the hydrolysis of crosslinking interactions. The polymers and crosslinkers themselves lose
their ability to interact over time especially when stored in liquid form. If the formulation is
considered in situ and can gel rapidly, separate storage of the individual components may
extend shelf life. The next important consideration is the tools and devices used to deliver
the formulations, specifically as it pertains to the type of ocular administration. If the
hydrogel is too viscous, then the possibility to inject the formulation through a small gauge
needle is removed. For in situ forming hydrogels, dual chamber syringes to store and then
mix components during the injection can promote homogenous gelation and increase ease of
administration (Kirchhof et al., 2015).

4. Hydrogels in Ocular Disease Treatment

4.1 SCLs and other hydrogels for topical drug delivery

By far the most common polymer hydrogel formulations for ocular delivery are in the form
of vision correcting SCL, likely due to the ease of applying it on the surface of the eye and
not containing any therapeutic payload. The first contact lens material was formulated out of
PHEMA, with today’s formulations having evolved into PHEMA-hydrophilic/hydrophobic
monomer hybrids, poly(dimethyl siloxane) (PDMS), and silicone based SCLs.
Improvements have been made to the oxygen permeability of the hydrogels to increase
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comfort and duration of wear. Silicone polymer, whose backbones consist of siloxane bonds,
enable greater gas permeability relative to other synthetic monomers and are often combined
with monomers whose flexibilities are appropriate to fit the curvature of the cornea(Lin et
al., 2014). Additionally, surface-modified hydrogels have been extensively studied to prevent
protein and macromolecule adsorption on the lens surface to maintain optical clarity and
reduce the risk of infection (Wang and Liu, 2012). These hydrogels used as vision-correcting
contact lenses, with improved biocompatibility, extended wear, durability, and repeated use
provide a vast potential to act as drug eluting formulations simultaneously. While no such
SCL is commercially available for the delivery of drugs across the cornea, many researchers
are exploring hydrogel formulations for this purpose. The first approach is finding ways to
load commercially available SCLs by passively soaking the formulations in concentrated
drug solutions, molecular imprinting, liposome loading, and surface modification with ionic
ligands or nanoparticles (Kirchhof et al., 2015). The drawback to post-modifying SCLs is
the limited drug loading and potential alteration of optimal properties since the original
purpose of the lens is not optimized for modification or drug-carrying. The second approach
under consideration is developing SCLs with the purpose of drug loading and sustained drug
release. Maulvi et al. developed a PHEMA hydrogel containing timolol maleate-loaded
cellulose nanoparticles as a ring implant sandwiched between two PHEMA lenses for
sustained drug release at therapeutic rates to treat glaucoma (Maulvi et al., 2016). They
found that the formulation successfully and safely delivered timolol-maleate in vivo for 168
hours (at a drug to nanoparticle ratio of 1:3) with therapeutic 10P reduction for 192 hours.
Although they reported a high loss of drug during sterilization (radiation) and poor shelf-life
in hydrated form, the formulation successfully delivered drugs without significant alteration
to the ideal physical properties of SCLs (optically transparent, proper thickness,
biocompatibility) — a major challenge to drug-eluting lenses.

Another approach to the delivery of therapeutics across the cornea or sclera is the use of
hydrogels that degrade over time. The significant difference between these hydrogel
formulations and those used in SCLs is the long-term stability. While contact lenses are
typically designed with repeat use in mind, making drug loading and potential re-loading —
especially at appropriate levels — particularly challenging, hydrogels for one-time use can
take advantage of the degradation profiles to ensure complete delivery of the therapeutic.
Yang et al. developed a hybrid hydrogel composed of generation 3 poly(amidoamine)
(PAMAM) dendrimers and PLGA nanoparticles for the co-delivery of two anti-glaucoma
drugs, timolol maleate and brimonidine (Figure 4) (Yang et al., 2012). This hydrogel
combines the biocompatibility and biodegradation of the PLGA particles for controlled drug
release, and the photo-initiated crosslinking of the dendrimer and PEG-acrylate, to produce a
liquid mucoadhesive hydrogel. Their results show that IOP reduction could be achieved for 4
days by sustained release of the drugs, with corneal, aqueous humor, and conjunctiva drug
residence up to 7 days in a normotensive rabbit model. These mucoadhesive hydrogel
formulations offer the potential of reducing administration frequency to tackle the issue of
patient non-compliance with glaucoma treatment. Polycationic dendrimers (generation 5)
were also used by Wang et al. to develop topical in situ-forming hydrogels via mild
crosslinking with PEG-diacrylate for the sustained delivery of brimonidine tartrate and
enhanced corneal permeation relative to free drug (Wang et al., 2017b).
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Although conventional eye drops or other surface-applied drug delivery formulations are
rarely used to achieve posterior treatment, due to the physiological barriers that make
bioavailability through this route challenging, Shikamura et al. reported on scleral/corneal
contact lenses and subconjunctival rings to deliver ofloxacin to the posterior segment of the
eye (Shikamura et al., 2016). Their contact lens and ring hydrogels were made of PHEMA
crosslinked with ethylene glycol dimethacrylate, polymerized with 2,2”-
azobisisobutyronitrile, and soaked in concentrated ofloxacin solution. One of the transparent
contact lenses covered only the cornea, another the cornea and sclera. Both ring
formulations were designed to contact the sclera and conjunctiva only, with ring 2 being
shape optimized for the in vivo study in rabbits. In order of increasing drug availability to
the retina/choroid, ofloxacin eye drops, corneal lens, corneal/scleral lens, ring 1, and ring 2 —
successful delivery of ofloxacin to the posterior segment of the eye was achieved after 8-
hour continuous wear of the hydrogel. While more study of the pharmacokinetics and
bioactivity of the delivered drugs is required, these researchers have demonstrated and
corroborated other research of transscleral and transconjunctival delivery for posterior drug
delivery.

4.2 Wound healing — surgery and trauma

Wound healing represents another use for hydrogels after trauma or surgical procedures.
Typically, nylon sutures are used to close wounds, but these can hinder normal healing, lead
to infection, cause neovascularization, and require surgical removal (Tong et al., 2018). The
desirable mucoadhesive properties used in other topical applications, like SCLs and drug-
eluting hydrogels, can be further modified for wound healing. A standard surgical procedure
that requires wound closure is the insertion of 10Ls. While the properties of these lenses
have made its administration easier and require ever smaller incisions in the cornea,
problems such as non-tight sealing can cause several adverse effects after cataract surgery:
the ingress of ocular surface fluid can lead to infection; the egress of anterior chamber fluids
can lead to anterior chamber collapse and IOL rotation. Current wound closing measures,
like sutures or stromal hydration, may not adequately seal the incision (Matossian et al.,
2015). Hydrogels represent an alternative to ophthalmic adhesives, assuming they meet the
appropriate requirements for leak pressure (> 80 mm Hg), cross-linking time (< 30 seconds),
mechanical properties (5—-200 kPa), swelling (< 200% w/w), adhesions strength (> 0.1 kPa),
and degradation and residence time (1 week — 6 months) (Oelker and Grinstaff, 2008).
Currently, there is only one FDA approved ocular healing hydrogel, called ReSure® sealant,
while a similar formulation called DuraSeal™ approved for cranial adhesion has also been
explored for ocular wound sealing (Trujillo-de Santiago et al., 2019, Ghobril and Grinstaff,
2015). Composed mostly of 4-armed NH-capped PEG crosslinked trilysine amine (Figure
5), these hydrogels are sloughed off the surface of the eye during re-epithelialization
(Nallasamy et al., 2017). ReSure® hydrogel is explicitly approved for corneal application,
but other researchers have investigated similar PEG-based formulations for use retinal
reattachment and vitrectomies (Hoshi et al., 2018, Barliya et al., 2018).

While these formulations act to seal wounds, restore and maintain intraocular pressure,
promote biocompatible response by maintaining normal corneal healing solute diffusion,
avoid the formation of astigmatism, and are removed with the healing and regeneration
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process, drug-eluting ocular adhesives are actively being explored to enhance the healing
process. The addition of epithelial growth factors (EGF) and antibiotics like doxycycline and
vancomycin to wound healing hydrogel formulations has been shown to enhance the healing
process, reduce neovascularization, and limit infection (Schultz and Morck, 2010, Anumolu
etal., 2010, Carreira et al., 2014).

4.3 Intraocular lenses

Cataracts and myopia require the replacement of the natural crystalline lens with an artificial
IOL to restore unhindered vision. While cataracts are clouding of the natural lens, myopia
refers to the near-sightedness of an individual due to an increase in the axial length of the
eye whereby light is focused in front of the retina. IOLs can address both issues by replacing
the physically altered crystalline lens, as well as providing refractive power to correct for the
vision impairment. 10L surgery is the top performed ocular surgery worldwide. The first
IOL was synthesized in 1949 by Harold Ridley from poly(methyl methacrylate) (PMMA).
While the optical properties and inertness of PMMA made these IOLs the gold standard for
early cataract treatment, drawbacks such as its rigidity, large incision requirement, iris
atrophy, and glaucoma ushered in research for more flexible 0L alternatives. Using
hydrogels to make flexible and foldable 10Ls allowed the incision size to decrease, thereby
reducing the wound healing time touched on in section 4.2. The next generation of I0Ls
were siloxane-based hydrogels that could be folded for simpler insertion, followed by
hydrophilic hydrogels and hydrophobic acrylate polymer lenses (Tetz and Jorgensen, 2015).
Despite some improvements to foldable 10L compatibility, other adverse effects, such as
posterior capsule opacification (PCO) still present challenges to IOL designs. PCO occurs
when remaining epithelial cells from the original lens proliferate on the posterior end of the
IOL - clouding the new lens. Although PCO capsulotomy can be safely treated by non-
invasive YAG laser procedure performed by an eye doctor, this treatment can be expensive
and cause further complications. Researchers are developing I0OL material modifications to
prevent PCO altogether. One approach is to graft polymers on the surface that prevent cell
adhesion and proliferation. Bozukova et al. observed non-fouling properties by chemically
coating IOL surfaces with varying molecular weight PEG-chains to prevent cell or protein
adsorption (Bozukova et al., 2007). Lin et al. modified silicone hydrogel 10Ls with
hyaluronic acid/chitosan polyelectrolyte multilayers, to inhibit primary epithelial cell
attachment and proliferation while preserving optimal optical properties (Lin et al., 2015).

Incorporation of drugs into the IOL or the haptics can also prevent post-operative PCO. Like
the SCLs discussed previously, IOLs can be submerged in high drug concentration solutions,
impregnated with supercritical fluids, chemically coated with polymer/drug layers, or
covalently attach drug molecules to the surface (Kirchhof et al., 2015). Unlike SCLs, 10Ls
have additional components that keep the IOL in place in the capsular bag. They can also be
employed for drug delivery and have the added benefit of not needing to adhere to the same
optical properties as the lens itself. This drug-eluting IOL approach can reduce the risk of
endophthalmitis and postoperative infection related to cataract surgery, but also deliver drugs
to other regions of the eye (Gonzalez-Chomon et al., 2011). However, there are currently no
drug-eluting IOLs on the market. Kleinmann et al. demonstrated the affinity of hydrophilic
acrylate lenses with fourth-generation fluoroquinolones, namely moxifloxacin or
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gatifloxacin. Their results suggest that the drug-loaded IOL did not cause any adverse
reaction, and that sustained drug release was achieved at minimum inhibitory concentrations
to prevent infections like endophthalmitis (Kleinmann et al., 2006). Another group loaded
moxifloxacin and levofloxacin to a degradable poly(L-lactide-co-e-caprolactone) polymer
multilayer film that acted as a depot that could be attached to a commercially available IOL
and haptic (Tan et al., 2016). They found that levoflaxin could be released over 14 days
within an appropriate therapeutic window to reduce the risk of infection (Figure 6).

4.4 Vitreous substitute

A vitrectomy is the removal of the vitreous gel that makes up most of the volume in the
posterior chamber of the eye. This procedure can be necessary for a variety of issues and
conditions: diabetic vitreous hemorrhage, retinal detachment, proliferative vitreoretinopathy,
endophthalmitis, and intraocular foreign body removal. Designing an optimal replacement
for the natural vitreous humor is challenging, as the physical and chemical requirements are
quite extensive. It must be transparent, possess the proper refractive index, density, and
mechanical rigidity, be hydrophilic, non-absorbable and non-biodegradable, biologically and
chemically inert, and allow the transfer of metabolites (Kirchhof et al., 2015). Current
practices use gases and liquids as vitreous substitutes, but these do not provide adequate
replacement for the original vitreous. Sulfur hexafluoride and perfluoropropane gases are
used to treat vitreoretinal disease, for their favorable nontoxic and ocular properties, as well
as for their ability to double or quadruple in injected volume and to remain in the vitreous
cavity for 2 to 8 weeks, respectively (Alovisi et al., 2017). Drawbacks to these gases are the
required face-down positioning for a few days after injection for proper positioning of the
retina against the RPE, as well as associated IOP increases during and after injection, and
gas-induced cataracts. Liquids such as semifluorinated alkanes, silicone oils, and heavy
silicone oils have also been used in the clinic for optical and biocompatible properties but
vary in their abilities to provide complete retinal tamponades. They can also cause adverse
problems with elevated 10P, choroidal thinning, and anterior segment inflammation (Alovisi
etal., 2017).

Hydrogels represent a unique alternative to vitreous substitutes, especially in-situ forming
ones for more comfortable injection. Many natural and synthetic polymer hydrogels have
been explored, such as (hydroxypropyl) methylcellulose, hyaluronic acid/gellan gum,
PHEMA, poly(glycerol methacrylate), siloxanes, PVA, and poly(vinyl pyrrolidone)
(Kirchhof et al., 2015). However, the limitations to these materials include immune response
induction, fast absorption or degradation, inability to form a complete tamponade, and
difficult delivery if not in situ-forming (Su et al., 2015). Chang et al. recently developed a
zwitterionic in situ forming a hydrogel by thiol-ene Michael addition reaction between
poly(MPDSA-c0-AC) and a-PEG-MA crosslinkers (Chang et al., 2015). The zwitterionic
hydrogels at thiol-ene ratios of 2:1 showed appropriate swelling profiles, rheological
properties, and gelation time for use as a vitreous substitute. Their in vivo rabbit studies
demonstrated no postoperative inflammation, likely due to the zwitterionic component of the
hydrogel, and remained optically transparent with no abnormal structural changes observed
in the rabbit eyes up to 1 month after implantation. Hyashi et al. developed a fast-forming
hydrogel with ultralow polymer content to improve the drawbacks of high swelling pressure
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(Hayashi et al., 2017). Clusters of highly branched tetra-armed PEG prepolymers could be
crosslinked in 10 minutes, allowing for injection and reduced surgical time. In vivo studies
in rabbits demonstrated this hydrogel formulation as an in-fill vitreous substitute for over 1
year without any adverse side effects. A biomimetic in situ-forming hydrogel composed of
thiolated gellan (collagen analog) and poly(methacrylamide-co-methacrylate) (hyaluronic
acid analog) was also studied for its tunable properties as a vitreous substitute (Santhanam et
al., 2016). Crosslinks form via disulfide bonds to cause the liquid injectable formulation to
gel at body temperature. Preliminary work in rabbits showed that a hydrogel formulation of
0.9 mg/mL of gellan and 12 mg/mL poly(MAM-co-MAA-co-BMAC) remained optically
clear, did not raise IOP, and did not cause retinal detachment or retinal thickness atrophy.

Despite promising laboratory results, there are no clinically available hydrogel vitreous
substitutes. Many formulations including the current gold standards offer only short-term
treatment as vitreous substitutes, with more clinical studies required to approve hydrogels
for commercial use. The following review article provides extensive detail of relevant clinal
and experimental vitreous substitute research (Su et al., 2015).

4.5 Intravitreal drug delivery hydrogels

Unlike the challenges to vitreous substitute design, drug delivery hydrogels make up only a
small volume of the vitreous space, do not necessarily need to be optically transparent, and
generally are made to degrade over time. Indirect methods of delivery to the vitreous space,
like systemic, suprachoroidal, and intrascleral suffer from low bioavailability in the target
tissue and can have adverse side-effects. Intravitreal delivery, while invasive, can be safely
performed by ophthalmologists to locally deposit the payload within the vitreous, with
minimal occurrences of lens injury (0.006 %), retinal detachment (0.013 %), and
endophthalmitis (0.018 %) (Meyer et al., 2016). However, many disease treatments, such as
antiVEGF antibodies and bevacizumab for neovascularization suppression in diabetic
retinopathy and AMD, require repeat injections that can increase the risk of complications.
Hydrogels can be useful in taking on this challenge, by acting as a sustained release drug
depot to minimize the need for multiple injections. Currently there are several implants on
the market, such as lluvien® to release fluocinolone acetonide (FA) for 36 months to treat
diabetic macular edema, Retisert® to deliver FA to treat chronic noninfectious posterior
uveitis, and Ozurdex® for dexamethasone delivery to treat macular edema (Syed, 2017,
Kang-Mieler et al., 2014). While some of these implants can be made of biodegradable
materials, some implants do require surgical removal or repositioning (Khurana et al., 2014).
Like these polymeric implants, hydrogels can store higher dosages of the drug than
otherwise tolerated in free-drug form, due to the sequestration into the hydrogel’s porous
structures. Researchers have developed many sophisticated methods of loading therapeutics
and promoting sustained and controlled release to reduce the number of injections. An
essential factor for intraocular hydrogel delivery is the ability to inject it via small gauge
syringes. Liquid hydrogels and in situ gelling hydrogels make this possible without requiring
surgical implantation. Xu et al. developed a liquid hydrogel formulation using generation 4
poly(amidoamine) dendrimers modified with PEG and dibenzocyclooctyne groups to
undergo crosslinking with PEG-bisazide chains for hydrogel formation via strain promoted
azide-alkyne cycloaddition (Xu et al., 2017). The resulting gel was able to physically
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encapsulate the anticancer drug, camptothecin, and displayed an initial burst and sustained
release profile in vitro. Although this formulation was tested in vivo in a mouse tumor model
to show enhanced tumor reduction relative to free drug delivery, the liquid hydrogel
formulation provides an attractive approach to delivering the formulation intravitreally. In
situ forming gels, on the other hand, can be delivered before crosslinking has begun, with
gelation occurring as the result of self-assembly, electrostatic interaction, and physiological
stimuli. Temperature-sensitive hydrogels are among the most studied as the differences
between conditions inside and outside the body is large enough to cause either crosslinking
or drug release. Poly(N-isoporpylacrylamide) (PNIPAAmM) is particularly attractive for it
lower critical solution temperature of 32 °C, where at room temperature drugs can be loaded
into tangled or crosslinked polymer chains and released as it increases to body temperature
(37 °C) (Alexander et al., 2014, Hsiue et al., 2002). Egbu et al. developed two hydrogels
composed of hyaluronic acid (HA) and PNIPAAm for the intraocular delivery of the
antibody infliximab for the treatment of ocular inflammation (Egbu et al., 2018). One gel,
called PEGDA-pNIPAAM-HA, was developed by chemically crosslinking NIPAAm in the
presence of HA and infliximab with varying PEG-diacrylate (PEG-DA) weight percentages
(1% and 3%). The other hydrogel forms by enzymatic crosslinking of HA functionalized
with tyramine with infliximab with a 1% and 5% weight percent of HA-tyramine. All
formulations were injectable, and in situ forming, however, the heat collapsible PEGDA-
pNIPAAmM-HA hydrogel displayed the most extended duration of infliximab release in a PK-
Eye model — a two compartment in vitro model that mimics the anterior aqueous outflow
and clearance of the human eye (Awwad et al., 2015).

Hydrogels can also be used to entrap and deliver stem cells to promote retinal and RPE
tissue regeneration or provide neuroprotection by secretion of neurotrophic factors from
cells encapsulated in hydrogels (Ballios et al., 2010, Gandhi et al., 2018, Zhang et al., 2011).
Hydrogels can help overcome the challenge of integration of injected stem cells into the host
retina, as well as provide long-term release of growth and neurotrophic factors to avoid high-
frequency injections for anti-vascularization and protection of surviving cells in diseased
retinas. Ballios et al. developed an injectable in situ forming hyaluronan and methylcellulose
hydrogel for the delivery of retinal stem cells (RSCs) for retinal dysfunction and neural stem
cells in stroke-injured brains (Ballios et al., 2015). Their results suggest higher RSC-derived
rod survival and tissue integration, as well as cell distribution. The CD44 receptor on
hyaluronan is implicated in the enhanced proliferation, migration, and distribution in RSC-
derived photoreceptors and neural stem cells in their mouse animal models, relative to saline
or artificial cerebrospinal fluid cell injections, respectively. This and other studies highlight
the ability of ocular hydrogels to not only act as passive delivery vehicles of payloads but
also to enhance the desired effect. For cell-based therapies, the advantages of natural
monomer subunits outweigh those of synthetic origin for their intrinsic biocompatibility.
Hunt et al. developed a 0.5% RGD-alginate hydrogel to encapsulate human embryonic stem
cells/induced pluripotent stem cell-derived embryoid bodies, for the regeneration of the
neural retina and RPE” (Hunt et al., 2017). Their in vitro work demonstrated that this
hydrogel formulation could derive RPE and early neural retina, as an alternative to more
frequently investigated hyaluronic acid scaffolds.
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5. Conclusions

The field of hydrogels for ophthalmic therapy has dramatically increased since its early
report in the 1960s. This trend has grown from topical vision correcting formulations (SCLs)
and crystalline lens replacements due to cataracts to in situ “smart” drug delivery gels,
vitreous substitutes, and cell scaffolds. While the innovations in drug encapsulation and
release mechanisms, biocompatibility, and treatment duration have become highly
sophisticated, the challenge of widespread application of hydrogel formulations in the clinic
is still apparent. Issues concerning required sterilization, scale-up, shelf-life, and user
compliance (healthcare professional and/or patient) must be overcome, before the
advantages afforded by hydrogel therapeutic delivery can be realized. Globally, an estimated
246 million people are considered vision impaired and 39 million more considered blind,
globally, with an associated financial cost of $3 trillion annually (Pascolini and Mariotti,
2012). Many of the diseases causing vision loss or blindness, especially in developing
countries, are highly preventable and treatable.
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Abbreviations

AMD Age-related macular degeneration
BRB Blood-retinal barrier

DH Dry heat

EGF Epithelial growth factors

FA Fluocinolone acetonide

GAG Glycosaminoglycan

Gl Gamma irradiation

IOL Intraocular lens

I0P Intraocular pressure

VI Intravitreal injection

PAMAM Poly(amidoamine) dendrimer
PCO Posterior capsule opacification
PDMS Poly(dimethyl siloxane)

PEG Poly(ethylene glycol)

PHEMA Poly(hydroxyethyl methacrylate)
PMMA Poly(methyl methacrylate)
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PNIPAAmM Poly(n-isoporpylacrylamide)
PVA Poly(vinyl alcohol)
RPE Retinal pigment epithelium
RSC Retinal stem cell
SCL Soft contact lens
SH Steam heat
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Intravitreal drug delivery systems
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Regions of the eye where hydrogels are currently used. Reprinted with permission from
(Kirchhof et al., 2015). Copyright 2015 Elsevier Inc.
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(A) Examples of physical gelation
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(B) Examples of chemical gelation
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Figure 2.

Examples of physical and chemical hydrogel formation. Reprinted with permission from

(Ghobril and Grinstaff, 2015). Copyright 2015 The Royal Society of Chemistry.
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Figure 3.

Sterilization and disinfection methods during hydrogel manufacturing. Reprinted with
permission from (Galante et al., 2018). Copyright 2017 Wiley Periodicals, Inc.
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Figure 4.
Hybrid dendrimer/PLGA hydrogel for the codelivery of brimonidine and timolol maleate

Reprinted with permission from (Yang et al., 2012). Copyright 2012 American Chemical
Society.
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(A) Trilysine (B) Pentaerythritol poly(ethylene glycol) ether tetrasuccinimidyl glutarate
NH, o} 0
N-O O-N

NH,

2T
Iz
4
X
N
o
5\/0;(
o
%1
o
(o}

NH,
o
0 o O
o P
Figure 5.

Chemical structures of the individual components of DuraSealTM hydrogel, (A) trilysine
crosslinker and (B) tetrafunctional PEG capped with N-Hydroxysuccinimide. Reprinted with
permission from (Ghobril and Grinstaff, 2015). Copyright 2015 The Royal Society of
Chemistry.
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Figure 6.
Diagram of drug eluting 10L by incorporating drug-loaded poly(L-lactide-co-e-

caprolactone) (PLC) polymer depot between the IOL and haptic (Tan et al., 2016).
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Schematic of injectable dendrimer hydrogel. Drug molecule is added during the gelation
process between alkyne and azide groups. Reprinted with permission from (Xu et al., 2017).

Copyright 2017 American Chemical Society.
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Properties of hydrogels and associated evaluation parameters at each formulation stage.

Table 1.

Development Stage  Property Evaluation Parameters
Pre-formulation Solubility *pKa
« pH range solubility
« Temperature range solubility
« Dissolution
Stability « Payload at varying temperatures and pH

Formulation

Manufacturing

Drug crystallinity
Drug polymorphism

Mechanical properties

Morphology

Swelling
Drug content
Drug release
Biosafety
Bioactivity

Stability

Administration

« Monomers and crosslinkers at varying temperatures and pH

* Drug-polymer interaction

* Rheology

« Compression/Extension

« Crosslinking density evaluation
« Porosity

« Topography

« Dissolution

« In vitro and in vivo biocompatibility

« Post-sterilization
« Shelf-life

« Bulk stability

« Tool compatibility

« Pre-injection mixing
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Table 2.

Summary of covered hydrogel application examples in various regions of the eye.

Page 28

Segment of Eye Hydrogel Application Examples
Anterior
Soft Contact Lenses . .
Vision correcting  « PHEMA
*« PDMS
« silicone
Drug eluting * PHEMA
* PAMAM dendrimer/PLGA nanoparticle
Wound Healing
Corneal * ReSure®
* DuraSeal™
Retinal « Multi-arm modified PEG
Intraocular Lenses .
Lens « Surface-modified silicone
« Drug-eluting acrylate
Haptics « Drug-eluting poly(L-lactide-co-e-caprolactone) film
Posterior Vitreous Substitute « Zwitter-ionic poly(MPDSA-co-AC)
« tetra-armed PEG,; thiolated gellan and poly(methacrylamide-co-
methacrylate)
Intravitreal Hydrogels i . i i
Drug eluting « Modified PAMAM dendrimer (clickable)
« temperature sensitive PNIPAAmM
Cell scaffold « hyaluronan and methylcellulose

« RGD-alginate
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