translational vision science & technology

tvst

Vitreous Substitutes as Drug Release Systems

André Schulz'2 and Peter Szurman'-2

! Eye Clinic Sulzbach, Knappschaft Hospital Saar, Sulzbach/Saar, Germany
2 Klaus Heimann Eye Research Institute (KHERI), Sulzbach/Saar, Germany

Correspondence: André Schulz, An
der Klinik 10, 66280 Sulzbach/Saar,
Saarland, Germany.

e-mail: andre.schulz@kksaar.de

Received: March 1, 2022
Accepted: August 12,2022
Published: September 20, 2022

Keywords: vitreous substitutes;
drug delivery; gas; silicone oil;
hydrogels

perspectives.

Citation: Schulz A, Szurman P.
Vitreous substitutes as drug release
systems. Transl Vis Sci Technol.
2022;11(9):14,
https://doi.org/10.1167/tvst.11.9.14

Introduction

Traditional drug delivery routes include topical
administration, subretinal injections, intravitreal injec-
tions, and oral medications, all of which result in poor
bioavailability of the drug reaching the retinal layers.!
The vitreous is isolated by the blood-retinal and blood—
water barriers, which complicates drug delivery by
topical or systemic application.” Topically adminis-
tered drugs either pass immediately into the systemic
circulation or are absorbed through the cornea into
the anterior chamber, where they are excreted by
the trabecular meshwork. Systemic (oral or intra-
venous) drug administration can overcome some of
these barriers, particularly for lyophilic drugs that can
bypass the blood-retinal barrier. However, the need
for high systemic concentrations leads to systemic side
effects.®*

In contrast to topical and systemic administra-
tions, intravitreal injections are able to achieve high
drug concentrations in the vitreous and potentially
high bioavailability to posterior tissues such as the
retina. Intravitreal injection is performed by direct
injection of the drug into the vitreous cavity. Intra-
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Vitreous substitutes are traditionally used to stabilize the retina after vitrectomy. In
recent years, various approaches have been developed for using the vitreous substitute
not only as a tamponade but also as a drug release system to tackle ocular diseases. This
review provides an overview of the requirements for vitreous substitutes and discusses
the current clinically applied as well as novel polymer-based vitreous substitutes as drug
delivery systems, including their release mechanisms, efficiencies, challenges, and future

vitreal administration, although invasive, can be safely
performed by ophthalmologists using a 27- or 30-
gauge needle and is now a routine procedure in
clinical settings. The injection volume in humans
is usually 50 to 100 pL or less in order to limit
the transient increase in intraocular pressure that
results from intravitreal injection.’> The complication
profile of intravitreal injections is low. Endophthalmi-
tis (0.018%), retinal detachment (0.013%), and lens
damage (0.006%) occur very rarely.® However, many
disease treatments require repeated injections owing
to the short half-life of the agents, which increases
the risk of complications; examples of this include
anti—vascular endothelial growth factor antibodies and
bevacizumab to suppress neovascularization in diabetic
retinopathy and age-related macular degeneration. In
addition to short half-lives, intravitreal administration
of drugs is limited owing to rapid excretion of the
drugs. Here, intravitreally delivered drugs are excreted
into the systemic circulation either via the anterior
route through the trabecular meshwork or the poste-
rior route through the blood-retinal barrier.>>” This
results in the need to inject therapeutic formulations
into the vitreous every 4 to 6 weeks to ensure high
efficacy.
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The need for multiple intravitreal injections could
be reduced or eliminated by using a suitable vitre-
ous substitute that delivers the drug over a long
term, consequently promoting patient adherence and
comfort.®? Vitreous substitutes are traditionally used
to stabilize the retina after vitrectomy. In this review,
our focus is on vitreous substitutes designed not only as
a tamponade but also as a drug release system to tackle
ocular diseases. Therefore, we outline the requirements
for vitreous substitutes and discuss both the current
clinical standard as well as novel polymer-based vitre-
ous substitutes as drug delivery systems in terms of
their release mechanisms, efficiencies, challenges, and
future potential.

Vitreous Body and Its Function

The native vitreous is a soft and transparent hydro-
gel composed of collagen fibers and hyaluronic acid;
located between the lens and retina, it occupies 80% of
the volume of the eye.!” The most important functions
of the vitreous include mechanical and molecular
homeostasis in the eye. Owing to its soft and viscoelas-
tic nature, the vitreous holds the lens and retina in place
and protects the eye from physical influences ranging
from internal low-frequency mechanical vibrations to
external mechanical trauma.!’ In addition, the vitre-
ous plays a role in molecular exchanges with surround-
ing structures that are necessary for its metabolism and
integrity. Examples include establishing and maintain-
ing an oxygen gradient between the lens and retina
to protect against oxidative intraocular damage and
acting as a natural porous barrier in mass transfer.'!-!2
The original native vitreous forms during embryonic
eye development, grows with the eye from infancy
through adolescence,'® and liquefies with age.'* Tradi-
tionally, it has been assumed that the vitreous cannot
regenerate in vivo after formation during early devel-
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opment. However, preliminary evidence suggests that
hydrogel-based vitreous substitutes can be used to
promote vitreous reformation. !>

Vitreous Replacement

Rationale

Replacement of the natural vitreous is generally
necessary in the event of two incidents: (1) age-related
vitreous liquefaction and (2) surgical removal of the
vitreous (vitrectomy) for the treatment of vitreoreti-
nal pathologies such as retinal detachments, prolifer-
ative vitreoretinopathy, vitreous hemorrhage, endoph-
thalmitis, or foreign body removal.

With age, human vitreous liquefies as a result of
the separation of hyaluronic acid from collagen fibers,
leading to the aggregation of collagen fibers and the
expulsion of bound water.'®!7 Liquefaction alters the
vitreous properties in terms of size, biochemistry, struc-
ture, and viscoelasticity'® 2! and is associated with a
wide variety of retinal diseases such as posterior vitre-
ous detachment, retinal detachment, and vitreoreti-
nal interface diseases'’?>?3 (Fig. 1). Replacement of
the vitreous at advanced stages of liquefaction can
both counteract the onset of severe visual impairment
owing to retinal detachment and promote its therapy
by appropriate tamponade of the retina.

The standard treatment of complicated retinal and
vitreous diseases is a vitrectomy, in which the vitre-
ous is removed. After surgical removal, there is no
regeneration of the vitreous but rather an accumu-
lation of endogenous aqueous fluid in the vitreous
cavity,!>?*>> which lacks the mechanical and biochem-
ical functions of the human vitreous. A vitrectomy
is performed primarily in the setting of advanced
proliferative diabetic retinopathy, in the treatment
of retinal detachments (rhegmatogenous, exudative,
and tractional), and in the event of significant vitre-

0
vs

Progressive vitreous liquefaction with age

Figure 1.
postoral vitreoretinal adhesion, and may lead to retinal detachment.

With age, the human vitreous liquefies and forms fluid pockets in the central vitreous, which gradually coalesce, weaken the
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ous hemorrhaging. The most common indication for
vitrectomy is retinal detachments with retinal holes.
Rhegmatogenous retinal detachment develops from an
initial tear of the retina, through which fluid then enters
the subretinal space, accumulates, and leads to detach-
ment of the retinal pigment epithelial (RPE) layer
from the retina.'®?¢ Usually, rhegmatogenous retinal
detachment is the result of vitreous liquefaction, in
which residual vitreous adhesions exert tensile forces
on the retina, causing retinal tearing.!* In addition,
high blood glucose levels in individuals with diabetes
promote the diffusion of glucose from the blood into
the vitreous with subsequent glycation and clumping
of collagen fibers, which is accompanied by subse-
quent traction and tearing of the retina.'>?’ After
surgical removal of the vitreous, a suitable replacement
is required to ensure homeostasis of the eye. In the
following sections, the necessary criteria for vitreous
substitutes are provided along with descriptions of the
different material systems used for this purpose.

Material Design

To ensure a compatible and functional vitreous
replacement, the design of the replacement materi-
als should be based on the properties of a healthy,
juvenile vitreous (Fig. 2). The material design mainly
includes (1) physicochemical material properties with
optical (transparency, light refraction) and mechan-
ical (viscoelasticity, swelling pressure, degradability,
injectability) characteristics, porosity, and antioxida-
tive activity and (2) physiological properties with high
tolerability as well as the presence of biological stimuli
by combining with vitreous cells.

By nature, human vitreous is a fiber-enhanced
hydrogel, that is, a gel with a high water content (98—
99%) and incorporated collagen fibers. Here, collagen
fibers and hyaluronic acid form an inherently nonco-
valently bonded polymer scaffold. The optical trans-
parency as an essential requirement for vitreous substi-

Vitreous A
Substitute =
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Requirements for ideal vitreous substitutes whose design is based largely on the nature of the juvenile, native vitreous.

tute materials is facilitated by the high water content.
The transmission of visible light (400-700 nm) to the
retina is essential for patient vision as well as for
diagnostic and therapeutic purposes such as the visual-
ization of fundus details or laser photocoagulation. At
the same time, as in human vitreous, the absorption
of low-wavelength radiation is beneficial to protect the
retina from toxic UV radiation. A high water content
further allows for a similar refractive index (i.e., close to
1.336) and density of natural vitreous bodies. Deviating
refractive properties result in a decrease in the patient’s
visual acuity and may require additional treatment.
Consequently, immobilization or intravitreal injection
of drugs into vitreous substitutes must ensure preserva-
tion of optical properties to avoid limiting the patient’s
vision.

The viscoelasticity of the vitreous protects the
eye from physical influences such as internal low-
frequency mechanical vibrations to external mechani-
cal trauma. The viscoelastic properties are generated by
the polymeric network structure of the vitreous body
consisting of collagen and hyaluronic acid and change
with age owing to structural alterations.?!-?® There-
fore, an ideal vitreous replacement should be based on
the viscoelastic properties of the juvenile and healthy
human vitreous (=10 Pa). Stiffnesses that are orders
of magnitude higher than those of the natural vitre-
ous body have been shown to cause mechanical damage
to surrounding tissue structures and should thus be
avoided.”

In addition, the porosity, which arises from
the polymeric network structure of collagen and
hyaluronic acid in the vitreous body and is relevant
for mass transport in the eye, should be mimicked
by a suitable vitreous body substitute. In addition to
biotransport, the porous nature is also crucial for the
release profile of therapeutic agents and should be
adapted to the specific application. At the same time,
drug release is also influenced by the degradation of
the material system. By varying the biodegradation
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and resorbability of materials, short-term to long-term
vitreous replacement can be realized. Depending on
the severity of the retinal detachment, several days
to weeks of retention of the replacement material
are sufficient for reattachment. After resorption,
biodegradation, or surgical removal, the endotam-
ponade is replaced by (endogenous) fluid, which is
unable to fully perform the functions of the human
vitreous owing to a lack of viscoelasticity and porosity,
among other reasons. Based on these factors, an ideal
vitreous substitute provides permanent mechanical
support and protection of surrounding ocular tissues.
For reattachment of the retina, especially for multiple-
hole scenarios, tamponading on all sides is desirable.
Hydrophobic material systems only possess a tampon-
ade vector in one direction, such as heavy silicone oils
(downward) or gases (upward), and form an interface
with the hydrophilic vitreous cavity, where growth
factors can accumulate and promote proinflammatory
processes such as proliferative vitreoretinopathy.’* In
this vein, the mimicry of the natural vitreous can lead
to successful vitreous substitutes, which completely
fill the cavity as a hydrophilic matrix (hydrogel) and
uniformly tamponade all retinal areas via viscosity and
swelling pressure.

When used during vitreoretinal surgery, the vitreous
substitute material should be easily injectable through a
needle (>23 gauge) without the loss of physical proper-
ties to ensure both treatment with minimally invasive
methods and functional preservation of the tampon-
ade.

In addition to mimicking the optical and mechan-
ical properties, vitreous substitutes ideally mimic the
biochemical functions of the vitreous as well. This
includes establishing an oxygen gradient between the
retina (high oxygen concentration) and the lens (low
oxygen concentration) by integrating antioxidants such
as glutathione. Surgical removal of the native vitre-
ous for the treatment of vitreoretinal disease disrupts
oxygen homeostasis in the eye, which can result in
oxidative damage to the lens, leading to the forma-
tion of a cataract. In the future, the additional incor-
poration of antioxidants such as ascorbic acid and
glutathione into vitreous substitutes has the potential
to reduce oxidative damage following vitrectomies.

For functional, complete vitreous replacement, it is
also essential to extend the material-based state-of-the-
art vitreous substitutes to the tissue engineering level
by incorporating cells. The integration of vitreous cells
is of immense importance, especially for advancing the
understanding and therapy of vitreoretinal diseases. To
date, vitreal cells have been attributed with a variety of
functions, including synthesis of extracellular matrix
components, modulation of the immune response in
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the vitreous, and involvement in various stages of
inflammatory processes’! that may promote long-term
vitreous replacement in the future.

Finally, the compatibility of the entire system and
of all system components (also in the event of degra-
dation) is an essential requirement for suitable vitre-
ous substitutes. In the case of the induction or promo-
tion of, for example, an undesired immune response,
inflammation or cell death of the surrounding ocular
tissues must be excluded before drugs are administered
to vitreous substitutes.

Aqueous Vitreous Substitutes

During vitrectomy, an aqueous infusion is delivered
that might remain in the vitreous cavity after comple-
tion of surgery. Isotonic saline, Ringer’s solutions,
and balanced salt solution (BSS), sometimes supple-
mented with various additives (BSS Plus), are aqueous
substances that have found clinical use as vitreous
substitutes.!” The use of isotonic saline solutions is
limited mainly by their tendency to cause corneal
edema. In contrast, the use of Ringer’s solution slows
the onset of corneal edema by providing potassium,
calcium, and lactates, but this solution is limited
in its effectiveness owing to its deviating osmolarity
(279 mOsmol) and pH (5-7.4). Since its introduc-
tion in the 1960s, BSS (305 mOsmol, pH = 7.4) has
been the most widely accepted intraoperative irriga-
tion solution and aqueous vitreous substitute, mainly
because BSS results in less corneal edema and endothe-
lial cell loss after vitrectomy.*>:3* Although aqueous
solutions have optical properties (transparency, refrac-
tive index), density, and hydrophilicity comparable to
the native vitreous, they lack surface tension, viscoelas-
ticity, and porosity, which are necessary for mechani-
cal and biochemical homeostasis in the eye. Moreover,
the relatively rapid resorption of aqueous solutions
results in short residence times in the vitreous cavity
and consequently short-term and insufficient vitreous
replacement.

Gases

For more than a century, intraocular gases have
been used in vitreoretinal surgery'®3* and are now
an integral part of retinal surgery with vitrectomies.
Nowadays, air, sulfur hexafluorides (SFg), perfluo-
roethanes (C,Fs), and perfluoropropanes (Cs;Fg) are
mainly used in pure form or as mixtures with air. These
gases are colorless, odorless, inert, and nontoxic. Pure
SFg, CyF¢, and C;Fg expand within the eye owing to
their lower water solubility than nitrogen. The high
surface tension and diffusion of other gases from the
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Table 1. Expansion Characteristics of Clinically Used Gas Tamponades

Expansion Time to Maximum  Retention Time, Nonexpansible
Gas (Times Original Size) Expansion, d wk Concentration, %
Air 1.0 - 1 -
Sulfur hexafluoride (SFg) 2.0 1-2 1-2 18-20
Perfluoroethane (C,Fg) 3.3 1.5-2.5 4-5 15-16
Perfluoropropane (CsFg) 4.0 3-4 6-8 12-14

bloodstream into these gases allow them to expand and
maintain a transient tamponade effect.®3°-3° However,
the buoyancy of the gases enables only unilateral
tamponade and results in inconvenient positioning of
the patient in a face-down position for several days
until the inferior retinal breaks close and the gas has
been adsorbed.?’-*® Here, the residence time or resorp-
tion of the gas varies according to the specific gas used
(Table 1).

As the gas is adsorbed into the bloodstream and
is simultaneously exchanged by aqueous humor, it
loses its tamponade effect and can only be used in
short-term applications. Intraocular gases are further
limited by their low densities (SF4: 0.00617 g/mL;
C3Fg: 0.00817 g/mL3), viscoelasticities, porosities, and
refractive indices (n ~ 1. 00 for air, SF¢, C,F¢, and
C3F5).%0 The latter differ from the refractive proper-
ties of the native vitreous (1.336), resulting in reduced
visual acuity immediately after surgery until the gas is
adsorbed. The complete light reflection of the gases
sometimes prevents the physician from examining the
back of the eye, preventing postoperative treatment
until the gas is absorbed by the body.* Addition-
ally, the increase in intraocular pressure during surgery
and a few days after injection, gas-induced cataract
formation, and corneal endothelial changes have been
observed as serious side effects accompanying the use
of intraocular gases.***> It is also recommended to
avoid air travel and high-altitude locations for several
weeks after surgery to prevent the expansion of these
gases. 3

Silicon Qils

Silicone oils belong to the class of polydimethyl-
siloxanes and have been used as vitreous substitutes
since the 1960s. They were approved by the US Food
and Drug Administration in 1994. The use of silicone
oil as a short- or long-term vitreous substitute is recom-
mended primarily for complex retinal detachments
such as tractional retinal detachment, rhegmatoge-
nous retinal detachment, giant retinal tears, and retinal
detachment owing to proliferative diabetic retinopa-

thy.**4® Silicone oil has been shown to be clinically
safe even when left in the intraocular cavity for a
period of approximately 6 months.*” Owing to its high
surface tension of 40 mN/m, silicone oil can tampon-
ade the retina and seal retinal tears.** However, with
a density (0.97 g/mL) lower than water and lower
buoyancy relative to gases, inferior retinas are difficult
to treat. Silicone oils are transparent, chemically inert,
marginally toxic, and available in different viscosities
(e.g., 100 and 5000 centistokes). The slightly increased
refractive index compared to native vitreous results in
poor visual acuity (hyperopia shift of 4-6 diopters)*
immediately after surgery. As hydrophobic substances,
silicone oils cannot completely fill the hydrophilic vitre-
ous cavity.”® A small amount of fluid at the opposite
pole of the buoyancy vector always remains, in which
growth factors accumulate and promote proinflam-
matory processes such as proliferative vitreoretinopa-
thy.*® The nonmiscibility with water can lead to
emulsification, which can cause proliferative vitreo-
retinopathy, failed retinal detachment, inflammation,
secondary glaucoma, and keratopathy.*-! Silicone oils
are usually removed after 3 to 6 months, once the retina
has attached and there is no longer retinal traction, '’
as longer retention times in the eye may be associated
with a higher risk of developing cataracts, glaucoma,
and corneal decompensation.*®°-> Macular edema>*
and increased intraocular pressures (IOPs)’!' are also
part of the complication profile of silicone oils. Even
the removal of silicone oils is associated with risks
such as hypotony and/or the retention of diffuse
small emulsion particles on the retina, which can
cause chronic inflammation.”> The combination of
silicone oil and partially fluorinated octane results
in so-called heavy silicone oils (e.g., Oxane HD,
Densiron, and HWS 46-3000), which are heavier
than water and can serve as long-term endotampon-
ades for complex retinal detachments with inferior
proliferative vitreoretinopathy.’®->” Heavy silicone oils
are less prone to emulsification owing to increased
viscosity but can cause cataract formation, intraocu-

lar inflammation, and increased IOPs, among other
issues, 1056.58.59
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Perfluorocarbon Liquid

Perfluorocarbon liquids (PFCLs) are synthetic
fluorinated hydrocarbons containing carbon—fluorine
bonds, originally developed as blood substitutes®’-¢!
and later investigated as endotamponades in vitre-
oretinal surgery.®>% Since PFCLs, namely perflu-
oroethers, were first studied as vitreous replace-
ments in rabbit eyes in 1984 by Miyamoto et
al.,®* a wide variety of PFCLs have become estab-
lished for this purpose, such as perfluorododecalin,
perfluoro-tetradecahydrophenantrene, perfluorohexy-
loctane, and perfluoro-n-octane (CgF13).> PFCLs are
used intraoperatively to temporarily flatten the retina
during the repair of complex retinal detachments and
are substituted for silicone oil or long-term substi-
tutes.*> Advantageously, PFCLs are colorless, odorless,
stable at elevated temperatures, denser than water (p
= 1.76-2.03 g/mL), and immiscible with water or
silicone oil; do not adsorb laser light; and, owing
their high interfacial tension, have a reduced risk of
permeating under the retina through retinal breaks.
However, the high density and hydrophobicity (displac-
ing aqueous components) lead to mechanical damage
and nutrient deficiencies of the retina, respectively, and
consequently to long-term toxicities.®® In addition to
irreversible retinal cell damage, emulsification at 6 days
after surgery has been reported in rabbit experiments.®’
Intraocular inflammatory reactions inducing epiretinal
membrane formation and destruction of the intrareti-
nal layer are also part of the complication profile of
PFCLs, if they remain in the eye.®”-® Furthermore, the
low viscosity with no elastic components, the lack of
porosity, and the refractive index (CgFg: 1.28), which
differs from that of the native vitreous, limit PFCLs to
intraoperative application.

Semifluorinated Alkanes

First studied in the early 2000s, semifluorinated
alkanes (SFAs) are also known as partially fluori-
nated alkanes or fluorinated alkanes and consist of
short alkyl chains linked at one or both ends with a
perfluorocarbon chain. They possess suitable refrac-
tive properties and are colorless, inert, and immiscible
with water but soluble in PFCLs and silicone oils.®~"!
Therefore, SFAs were initially used as solvents for
silicone oils and later as temporary endotamponades
for complicated retinal detachments.””> However, SFAs
are currently rarely used clinically because they are
prone to causing cataract formation, emulsification,
and epiretinal membrane formation as well as toxic and
inflammatory reactions if allowed to remain in the eye
for extended periods.%®-"° Moreover, like all liquids (and
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gases), SFAs lack the viscoelastic and porous charac-
teristics of a native vitreous body.

Although effective in promoting retinal reattach-
ment, current clinically used endotamponades
radically deviate from human vitreous and conse-
quently lead to a considerable range of complications
(Table 2).

Polymer-Based Vitreous Substitutes

In recent years, a paradigm shift has taken
place in light of the existing limitations of clini-
cally used tamponades. Instead of hydrophobic
materials, hydrogel-based vitreous substitutes have
been developed that mimic the natural properties
of a healthy human vitreous. Here, hydrogel-based
vitreous substitutes have advantages such as high
water content, optical transparency, suitable refrac-
tive indices and densities, adjustable rheological and
porous properties, injectability, biocompatibility, and
the capability to tamponade the retina on all sides
via viscosity and swelling pressure. In addition to
synthetic polymers, biopolymers such as hyaluronic
acid,”®-7378 collagen,”””® gellan,?-®! chitosan,’8-82-83
and alginate’*-®3 have been investigated for the prepa-
ration of hydrophilic retinal tamponades. However,
previous concepts have been limited mainly by intrans-
parency, deviating refractive indices, degradation, or
insufficient biocompatibility, especially owing to low
substance purity or toxic crosslinking agents, which
have collectively hindered the translation of current
systems to clinical evaluation.

Non-crosslinked polymer solutions generally lack
viscoelasticity and porosity and are mainly limited
by degradation, short residence times, and a lack of
tamponing effects. As a result, a variety of differ-
ent crosslinked hydrogel systems, which can be either
pregelled or used as in situ gelling matrices, have
been investigated using chemical or physical processes.
The advantage of pregelled crosslinked hydrogels
compared to in situ gelling systems is their ability to
remove potentially toxic non-crosslinked monomers
and crosslinkers by dialysis prior to intravitreal injec-
tion. However, pregelled hydrogels are thought to
lose rheological properties owing to injection-induced
fragmentation. Physically crosslinked alginate hydro-
gels, however, recently demonstrated that the required
viscoelasticity persisted after the preformed gels were
fragmented into a tangle of coiled bead strands
through injection with a 23-gauge needle.”” In situ
gelation of uncrosslinked polymers after injection
counteracts the issue of shear stress—induced gel
fragmentation. However, the major drawbacks of
chemically crosslinked in situ hydrogels are the toxic-
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Table 2. Advantages and Limitations of Vitreous Substitutes in Clinical Use

Substance

Advantages

Limitations

Physiologic solutions

Gases

Silicon oils

Perfluorocarbon liquids

Semifluorinated alkanes

*Transparent

*Desired refractive index
*Desired density

*Hydrophilic

*Resorption/no need for removal

*Colorless

*Odorless

Inert

*Nontoxic

*Expansile

*Resorption/no need for removal

*Transparent

Inert

*High surface tension

*Residence time of up to 6 months

*Colorless

*Odorless

*Moderate surface tension

*No adsorption of laser light

+Stabilization of the retina during
vitrectomy

*Colorless

elnert

*Desired refractive index

*Soluble in silicone oils and
perfluorocarbon liquids

sLacking viscoelasticity

sLacking porosity

Lacking surface tension

*Short residence time

*Corneal edema

*Endothelial cell loss

*Low refractive index

Lacking viscoelasticity

Lacking porosity

*Hydrophobic

*Short residence time

sLight reflection

sIncreased intraocular pressure

*Cataracts

*Corneal endothelial changes

*Awkward face-down position after
surgery

*High refractive index

Lacking viscoelasticity

Lacking porosity

*Low density

*No tamponade in retinal breaks in
inferior part of the eye

*Hydrophobic

*Emulsification

sIncomplete filling

*Proliferative vitreoretinopathy

*Macular edema

sInflammation

sIncreased intraocular pressure

*Cataracts

*Glaucoma

*Corneal toxicity

*Revision surgery for removal

*Low refractive index

sLacking viscoelasticity

Lacking porosity

*High density

*Hydrophobic

*Emulsification

*Retinal cell damage

eInflammation

*Long-term toxicity

sLimited to intraoperative use

sLacking viscoelasticity

Lacking porosity

*Low density

*Emulsification

Cataract

Epiretinal membrane formation

Inflammation

*Long-term toxicity
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Table 3. Promising Polymer-Based Vitreous Substitutes Having the Potential to Enter the Clinical Phase Soon

Polymer Crosslinking

Preclinical Performance References

Glycidylmetacrylated
hyaluronic acid

*Chemically crosslinked

UV irradiation
*Pregelled system

Polyvinyl alcohol
(modified) poly(ethylene glycol)

*In situ gelling system

Poly(ethylene glycol),
poly(propylene glycol),
and
poly(e-caprolactone)

to dehydration of the
poly(propylene glycol)

spontaneously via

hydrophobic interactions
with increasing temperature

(thermogelling)
*In situ gelling system

with N-vinylpyrrolidone using

*Crosslinked using modified

*Physically crosslinked owing

components aggregating

*Transparent, appropriate 73,74
refractive index (1.3365) and
viscoelastiy (G' = 10-100 Pa),
injectable, porous, degradable

*In vitro: biocompatible (using
human fibroblastic, RPE, and
photoreceptor cell lines, as
well as human fetal RPE cells)

*In vivo: biocompatible and
stable for 12 months in rabbit
eyes; no cataract formation

*Transparent, appropriate
refractive index (1.3385),
relatively stiff (G' = 1000 Pa),
injectable, porous, and
biodegrade within 2 weeks

*Non(cyto)toxic, nonirritant,
nonpyrogenic, hnonmutagenic

*In vitro: biocompatible (using
mouse fibroblastic and
lymphoma cell lines)

*In vivo: biocompatible in
rabbits, minipigs, and mice for
1 month

*Transparent, appropriate
refractive index (1.339-1.344),
relatively stiff (G' ~450 Pa),
injectable, porous, and
biodegrade within 3 months

*In vivo: biocompatible and
functional in rabbits and
nonhuman primates for
6 months

141

15,135,142

ity of the monomers and/or crosslinkers remaining
in the eye as well as the lack of precise control of
the injection time. In contrast, toxic monomers and
crosslinking agents can be largely eliminated by using
physically crosslinked hydrogels. Physically crosslinked
hydrogels can be formed by physical or supramolecu-
lar interactions such as hydrogen bonding, hydropho-
bic associations, and electrostatic (ionic) interactions.
The gelation of physically crosslinked hydrogels is
generally triggered by relatively mild stimuli such as
temperature changes, slight pH changes, shear stress,
or the presence of ionic components.®* Most physically
crosslinked systems are designed to be thermorespon-
sive and gel in situ at a body temperature of 37°C.

However, in general, a major disadvantage of physically
crosslinked hydrogels is their relatively rapid degrada-
tion, as they do not exhibit permanent crosslinking.
However, physically crosslinked alginate-based hydro-
gels have recently been described as having the potential
to provide permanent mechanical support and protec-
tion to surrounding ocular tissues, as alginates are not
naturally degradable in mammals.”?

A variety of polymeric hydrogels are currently under
extensive evaluation in preclinical studies with regard
to their optical and mechanical properties as well as
their biocompatibility and functionality in vitro and
in animal models.**-3>-8¢ Table 3 lists a selection of
promising candidates that have the potential to enter
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the clinical phase soon and thus fundamentally revolu-
tionize ablation surgery.

Ocular Drug Delivery Using Vitreous

Substitutes

Release Strategies

Traditional drug delivery routes include topical
administration, subretinal injections, intravitreal injec-
tions, and oral medications, all of which result in poor
bioavailability of the drug reaching the retinal layers.!
In contrast to topical and systemic administrations,
intravitreal injections can achieve high drug concen-
trations in the vitreous and potentially high bioavail-
ability to posterior tissues such as the retina. However,
intravitreal injections into the vitreous have limited
practical use owing to rapid excretion of the therapeu-
tic agents,>” necessitating injection of the therapeutic
formulations every 4 to 6 weeks to ensure high efficacy.

The need for multiple intravitreal injections could
be reduced or eliminated by using a suitable vitre-
ous substitute that delivers the drug over the long
term, consequently promoting patient adherence and
comfort.®? Here, there are requirements for both the
delivery system and the drug. Intravitreal drug delivery
systems should allow for high drugloading, drug stabil-
ity, and slowed releases from the matrix to achieve both
long-term release and effective doses. The ideal intra-
vitreal drug should (1) have a long half-life in order to
reduce the time between administrations and the risk of

Physical Entrapment
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complications, (2) exhibit no effect on the transparency
of the ocular media to avoid impairing vision, and (3)
be administered at a therapeutic dose that does not
cause toxicity.’

In general, solutions, aerosols, or crosslinked
polymer systems (hydrogels) are the most commonly
investigated release systems for therapeutic agents.
While releases from aqueous solutions and aerosols
typically occur within hours to days, silicone oils can
release drugs for up to several weeks. Typical hydrogels
have polymer networks whose mesh sizes are orders
of magnitude too large to prevent relatively rapid
diffusion-induced efflux of entrapped drugs within
a few days. While the rapid efflux of drugs may be
acceptable for some applications, many require a much
longer duration of release to meet therapeutic require-
ments. To counteract rapid efflux and allow sustained
release, strategies to slow diffusion by physical or
chemical means; physically entrap drugs, mainly in
micro- or nanoparticles; and transiently or perma-
nently binding therapeutics to the release system have
been investigated (Fig. 3).

By reducing the mesh size of the hydrogel, the
release could be slowed to 2 months in vitro using
bovine serum albumin.’’” As the hydrogel mesh
degraded hydrolytically over time, the mesh size
increased and the protein could slowly efflux. Further-
more, by introducing charged groups, electrostatic
interactions were harnessed to slow the diffusion of
drugs from the release system.®® However, the most
promising approach is the entrapment of active agents
in microparticles or nanoparticles immobilized in
the polymer network of the hydrogel. In doing so,

Chemical Conjugation

&

Hydrogel Reduced Entrapment in Electrostatic Stimuli-Responsive
Mesh Size Micro- or Nano- Interactions Binding
particles
Diffusion, Linker Cleavage
Degradation (Time, pH, Light)
Rapid Efflux Sustained Delivery Sustained Delivery

Figure 3. The use of liquids, gases, and hydrogels results in rapid, diffusion-based efflux of the immobilized drugs. Physical entrapment or
chemical conjugation of drugs to the polymer network of the hydrogel allows sustained drug release.
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the release of the active compound can be tuned
depending on the degradability of the particles and/or
hydrogel. However, in order to preserve the biologi-
cal availability and activity of the included drugs, it
is important that the immobilization chemistry does
not interact with the therapeutic agent. To decou-
ple the release kinetics from the mesh size, swelling,
or degradation of the material, reversible chemi-
cal conjugations of drugs to the hydrogel backbone
have been investigated.®*-* Specific physiologic stimuli
such as pH or temperature are thought to respon-
sively cleave the drug-material bonds. Such stimuli-
responsive coupling processes are usually drug specific
and must be designed in such a way that the action of
the therapeutic agent is not affected.

In the following, different vitreous substitutes will
be reviewed in detail as release systems for drugs
(Table 4).

Drug Release from BSS and Gases

Aqueous solutions (like BSS) and gases have been
investigated for their ability to act as drug carriers and
release systems. These studies are limited in scope, and
are few owing to the comparatively short residence time
of the substances in the vitreous cavity (several days to
weeks).

BSS has been used as a drug carrier for homeostasis,
pupil dilation, and anti-inflammatory effects,’! as well
as for fluorouracil (5-FU) and low-molecular-weight
heparin for the prevention of proliferative vitreo-
retinopathy (PVR).”?-%% Here, BSS was either given as
an intravitreal irrigation solution during vitrectomy
or left in the eye as a vitreous substitute at the end of
surgery. An advantage is that BSS dissolves hydrophilic
drugs well and makes them readily available. However,
due to the rapid release of drugs and resorption of
aqueous solutions, only treatment scenarios requir-
ing short-term drug administration in the range of
hours to several days are feasible. The limited mechan-
ical support also has made aqueous solutions less
relevant as endotamponades for complicated retinal
detachments.

Aerosolization of drugs or nanoparticles allows the
administration of pharmacologically active substances
in the vitreous cavity after vitrectomy in the form of
drug-loaded gases. Using loaded gas endotamponades,
the administration of antimetabolites for the modula-
tion of proliferative vitreoretinopathy, antimicrobial
agents for endophthalmitis, antiangiogenic compounds
for vasoproliferative disorders, and corticosteroids has
been targeted.”* Zhang et al.”* pioneered the use of
aerosolized sodium fluorescein particles (407 nm) as a
model intraocular drug at a concentration of 12 ng/mL
administered intravitreally in pigs. Aerosol can be deliv-
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ered either by continuous flow with entry through the
primary sclerotomy and exit through the secondary
sclerotomy or by simply filling the vitreous cavity.”*?>
Drug release from the gas occurs primarily via diffusion
for smaller particles and sedimentation for larger parti-
cles.”” In general, aerosol particle size, delivery mode,
and exposure time are important parameters for drug
release from gases. In addition, it should be consid-
ered that the loading capacity of gases is physically
limited by colloid dispersion (50 ng total dose in 5-
mL gas bubble).”® Also, the drug delivery is limited
in time (a few weeks) owing to the rapid resorption
of the gases by surrounding tissues. The deposition
of aerosolized particles on surrounding tissue struc-
tures could potentially lead to cell damage, depend-
ing on the quantity and nature of drug delivered. Care
must also be taken when using aerosols intravitreally to
avoid introducing cloudy matrices that could affect the
optical properties (transparency and refractive index)
and thus the patients’ vision. Nevertheless, after appro-
priate adaptation, gas-based drug delivery systems may
represent interesting options for the management of
ocular pathologies that require only short-term admin-
istration of therapeutic agents.

Drug Release from Silicon Oils

In contrast to BSS and gases, silicone oils could
allow a sustained release of active ingredients for up
to 3 to 6 months owing to their prolonged residence
time in the eye. The therapeutic substances are either
applied by intravitreal injection into silicone-filled eyes
or mixed or dissolved into the silicone oil prior to the
application of the silicone tamponade. Owing to its
hydrophobic and lipophilic properties, silicone oil has
no affinity for most pharmaceuticals that are readily
soluble and bioavailable in the aqueous milieu. When
using hydrophilic drugs in silicone-filled eyes, it should
be noted that toxic accumulation of the drug in the
residual aqueous fluid level may occur. Therefore, a
high lipophilicity of the active ingredients is neces-
sary for the effective loading of drugs in silicone oils.
Even relatively lipophilic agents such as triamcinolone
acetonide and dexamethasone showed relatively low
saturation concentrations in silicone oil.”” Total drug
loading in silicone oils can take days to weeks, requires
specialized equipment owing to the high viscosity
of silicone oil, and is challenging to quantify.”® In
addition, it is critical to note that highly hydrophobic
toxins such as hexachlorohexane, polybiphenyls, and
dichlorodiphenyl trichloroethane accumulate exces-
sively in silicone oil during long-term tamponade
and are detectable for many years.”” Nevertheless,
studies have reported reasonably safe and success-
ful drug delivery in silicone-filled eyes.!?-1°1 Most
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Table 4. Overview of Drug Delivery Systems for the Release of Drugs From Vitreous Substitutes

Material Formulation Drug Usage Species Concentration Release Mechanism  Duration  References
BSS Intravitreal infusion Thrombin Intraocular bleeding Rabbit 100 U/mL Diffusion NA 91
during vitreous
surgery, aqueous
vitreous substitute
Intravitreal infusion 5-FU Antiproliferative; PVR Human 200 pg/mL Diffusion 1 hour 92
during vitreous
surgery
Intravitreal infusion Methotrexate Antiproliferative; PVR Human 80 pg/mL Diffusion NA 93
during vitreous
surgery
Gas/air Aerosol Sodium fluorescein  Model substance for Pig 12 ng/mL Diffusion 1 hour 94
antimetabolites (PVR),
antimicrobial agents
(endophthalmitis),
antiangiogenic
compounds
(vasoproliferative
disorder), and
corticosteroids
Silicone oil Reservoir for intravitreal ~ Triamcinolone Antiproliferative; PVR; In vitro, exvivo  0.08-40 mg/mL Diffusion 1-4 months 102-106
injections anti-inflammatory; (pig), human
resolve macular
edema
Drug-loaded suspension Retinoic acid Anti-inflammatory and  In vitro, rabbit 9-412.5 ug/mL  Diffusion, cleavage of 16-72days 98, 107-110
antiproliferative; PVR hydrogen bonds
Drug-loaded suspension Acetylsalicylicacid  Antiproliferative; PVR Rabbit, Human  0.2-1.67 Diffusion 5 days 111,112
mg/mL
Drug-loaded suspension Dexamethasone Anti-inflammatory and  Invitro, human 175 ug/mL Diffusion 6-12months 100,113
antiproliferative,
immunosuppressive;
PVR
Drug-loaded suspension  5-FU Antiproliferative; PVR Pig 260-330 pg/mL  Diffusion 5 days 114
Drug-loaded suspension  Ibuprofen Anti-inflammatory and  In vitro 1 mg/mL Diffusion, cleavage of ~ 3-9 days 109
antiproliferative hydrogen bonds
Reservoir for intravitreal ~ Ganciclovir, Antiviral; viral retinitis Human 40 mg/mL, Diffusion 6-8 weeks 115
injections foscarnet 24 mg/mL
Hyaluronic acid Hydrogel Dexamethasone Anti-inflammatory and  In vitro 4-20 mg/mL Diffusion 44 h 130
antiproliferative,
immunosuppressive;
PVR
PVA/chitosan Hydrogel with 5-FU Antiproliferative; PVR In vitro, rabbit NA Diffusion, 15 days 131
drug-loaded PLGA degradation of (24 weeks)
microspheres microspheres
PEGMA/PEGDA  Hydrogel Ascorbic acid Antioxidative; prevent In vitro 22 mM Diffusion 7 days 132
oxidative damage,
establishing a vitreal
oxygen gradient
PEGMA/PEGDA  Hydrogel Ascorbic acid, Anti-oxidative; In vitro 0.1-10 mM Diffusion 75 days 133
glutathione preventing oxidative
damage, establishing
a vitreal oxygen
gradient
Silk/hyaluronic  Hydrogel Bevacizumab AMD, PDR Rabbit 25-100 mg/mL  Diffusion, 3 months 134,136
acid degradation
PEG/PPG/PCL Hydrogel Bevacizumab, AMD, PDR In vitro, rabbit 10 mg/mL Diffusion, 40 days 15,135

aflibercept

degradation

AMD, age-related macular degeneration; NA, not available;
thy; PEG, polyethylene glycol; PEGDA, polyethylene glycol diacrylate; PEGMA, polyethylene glycol monomethacrylate; PLGA,
poly(lactic-co-glycolic acid); PPG, polypropylene glycol; PVA, polyvinyl alcohol.

notably, triamcinolone acetonide,
acetylsalicylic aci

aci

d,98,107—

110

100,102-106
d,111’112

retinoic
dexameta-

sone,'%%113 5_fluorouracil,!'* ibuprofin,'” and antiviral
agents'!> have been studied as agents for intravitreal
release from silicone oils.

Anti-inflammatory, poorly water-soluble triamci-
nolone acetonide, used clinically to resolve macular

PCL, polycaprolactone; PDR, proliferative diabetic retinopa-

edema, is typically injected intravitreally into the
silicone tamponade, which forms a suspension with
the silicone oil within minutes to months depend-
ing on the concentration and then precipitates at the
oil-water interface, remaining visible in the oil for
months.!?-1% Although triamcinolone is not toxic as
a solubilized drug, sedimented crystals cause rapid
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apoptotic cell death of retinal ganglion cells upon
direct contact with the retinal surface.''® Additional
side effects include increased intraocular pressure and
the progression of cataracts. Clinical trials with low-
dose triamcinolone acetonide also showed no statisti-
cally relevant therapeutic success.!?’-192-1% Therefore,
triamcinolone acetonide injection into silicone-filled
eyes should be avoided.

In contrast, loading silicone oil with anti-
inflammatory retinoic acid (9-15 pg/mL) showed a
reduction in PVR in animal experiments,!-110.114
However, the therapeutic width was very low and the
release time of retinoic acid, 7 days, was too short.
Additives (modified oligo(ethylene glycol) chains)
soluble in silicone oil offered hydrogen bonding sites
for interaction with retinoic acid, consequently increas-
ing both the drug loading and release period to 7 weeks
in vitro,”®:1%% a duration relevant to the pharmacologic
treatment of PVR.!!7

Kralinger et al. investigated the pharmacokinet-
ics and biocompatibility of acetylsalicylic acid,'!!-!12
which in principle is also suitable for mixing with
silicone oil owing to its amphiphilic character. In
rabbits, a relatively high loading of 1.67 mg/mL
acetylsalicylic acid in silicone oil (5000 mPa) demon-
strated biocompatibility and release up to 5 days after
implantation.''! The required filtering of acetylsali-
cylic acid—loaded silicone oil resulted in significantly
lower concentrations (0.2 mg/mL) owing to the removal
of undissolved drug crystals, which were described as
safe yet ineffective in clinical studies.!!”

Thus, the use of drug-loaded silicone oils is
restricted not only by the characteristics of the silicone
oil itself but also by the complicated loading of the oil
with the active ingredients and a relatively rapid release.
Recent computational modeling studies investigated
the distribution of drugs in silicone oils, thus further
contributing to the understanding and optimization of
drug releases from silicone oils.!!8-120

Drug Release from Polymer-Based Vitreous
Substitutes

In contrast to liquids (BSS and silicone oil) and
gases, the use of hydrogels allows both rapid and
sustained release of a wide variety of therapeutics.
Drugs can be immobilized into the porous polymer
network by physical entrapment or chemical conjuga-
tion (Fig. 3). Here, inclusion in the porous structures
of the hydrogel enables higher doses of the drug to be
entrapped than would otherwise be tolerated in free
form. Owing to the high water content of hydrogel
systems, gels can be easily loaded with hydrophilic
therapeutics. In contrast, hydrophobic drugs are
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poorly soluble in gel matrices. Here, the introduction
of hydrophobic domains or cyclodextrins can improve
the loading of hydrophobic drugs into the gels. The
use of hydrogels as polymer-based vitreous substitutes
enables a drug formulation and delivery that can be
performed under mild temperatures and pH conditions
and without organic solvents.!?! In addition to diffu-
sion, the sustained release of immobilized therapeutics
mainly occurs through the successive degradation of
the polymer network, which is adjustable up to several
months.

A variety of hydrogel-based drug delivery systems
described in the past'?> 12 can be applied to the
vitreous cavity primarily via intravitreal injection. In
contrast to vitreous substitutes, hydrogel-based drug
delivery systems usually occupy only a small portion
of the vitreous cavity (50-200 uL) and are typically not
transparent, and their degradability is often desirable.
Additionally, many therapeutic formulations using
nanobiomaterials can support intraocular drug deliv-
ery.'?7- 129 However, these systems were not designed to
replace the vitreous body—they rarely meet the multi-
ple requirements of a vitreous body substitute—and
are therefore not discussed in the present review.

In recent years, polymer-based vitreous substitutes
have been investigated as drug delivery systems and
have addressed the delivery of anti-inflammatory
agents,!®  cytostatics,'*!  antioxidants,'*>!3%  and
proteins, 3413

Spitzer et al studied the in vitro release of
dexamethasone from hyaluronic acid—based vitreous
substitutes and found that dexamethasone accumu-
lated in hyaluronic acid in concentrations reaching
20 mg/mL. The diffusion-controlled release proceeded
over 44 hours, and the proliferation of human tenon
fibroblasts and human retinal pigment epithelial cells
(ARPE-19) was inhibited without causing cytotoxic
effects. Both the diffusion-based kinetics and the use of
uncrosslinked hyaluronic acid (Healon and Healon 5),
which is enzymatically degraded in the vitreous cavity
within a few weeks, limit the system to short-term vitre-
ous replacement.

For the therapy of PVR, Yu et al.'*' recently
reported an in situ physically crosslinked hydrogel
based on polyvinyl alcohol and chitosan as a vitre-
ous substitute, which was crosslinked in the presence
of calcium chloride via hydrogen bonds when heated
to body temperature and loaded with poly(lactic-co-
glycolic acid) microspheres containing 5-FU as the
therapeutic agent. In a PVR rabbit model, the vitre-
ous substitute remained physically present after being
placed in the eye for 24 weeks, released 5-FU slowly
and effectively over several weeks, and decreased the
recurrence rate of PVR. Despite the promising results,

130
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the current approach is limited by the nontransparency
of the substitute, which can lead to visual impairment,
transient high intraocular pressure, and complicated
cataracts occurring in some rabbit eyes.

Tram et al.'3>!3? studied the uptake and release
of antioxidants from vitreous substitutes to address
the biochemical functions of the vitreous (oxygen
homeostasis). Here, ascorbic acid was incorporated
into an in situ physically crosslinked hydrogel based on
poly(ethylene glycol) methacrylate and poly(ethylene
glycol) diacrylate, which exhibited suitable optical and
mechanical properties as well as in vitro biocompati-
bility. The ascorbic acid was released in vitro from the
hydrogel system after a rapid efflux within 12 hours
over a period of 7 days.!’> The simultaneous inclu-
sion of glutathione significantly increased the stability
of ascorbic acid and prolonged its antioxidant effect
in vitro.'3? Besides establishing a vitreal oxygen gradi-
ent, the administration of antioxidant-loaded vitreous
substitutes also has the potential to prevent oxidative
damage to intraocular tissue after vitrectomy.

In addition, the release of anti-VEGF therapeutics
from polymer-based vitreous substitutes was investi-
gated to address vascular diseases such as age-related
macular degeneration and diabetic retinopathy.!34-133
Silk hydrogels'3?> formulated with bevacizumab for
ocular drug delivery have been proposed as vitre-
ous substitutes and demonstrated sustained release
over 3 months in a rabbit model,'** a prolonged
administration compared to the clinical standard
of every 6 weeks. Furthermore, a thermogelling in
situ physically crosslinked hydrogel system based
on poly(ethylene glycol), poly(propylene glycol), and
poly(e-caprolactone) was preclinically investigated as
a vitreous substitute.!> The encapsulated anti-VEGFs
(bevacizumab, aflibercept) were released in a relatively
linear manner from the thermogel for up to 40 days
in vitro. They demonstrated antiangiogenic bioactivity
by inhibiting vessel outgrowth in rat ex vivo choroidal
explants and reduced vascular leakage in a VEGF-
driven neovascularization rabbit model.'*>

To ensure successful translation of the proposed
polymer-based vitreous substitutes to the clinic, the
existing aforementioned limitations must be overcome.
Prior to the application of polymer-based vitreous
substitutes, an appropriate purification process must be
performed to completely remove toxic reagents. Purifi-
cation processes such as dialysis can cause undesired
leaching of portions of the drug from the hydrogel.
Additionally, hydrogels are generally difficult to steril-
ize. A large number of polymers degrade by heat
sterilization or undergo changes in their gel proper-
ties when subjected to irradiation processes or chemi-
cal sterilization. Furthermore, the activity and efficacy
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of entrapped proteins, cells, or biopharmaceuticals can
also be affected by sterilization processes. Chemical
crosslinking can also potentially alter the stability and
availability of the drugs to be entrapped. In contrast,
physical crosslinking through physical or supramolec-
ular interactions such as hydrogen bonding, hydropho-
bic association, or electrostatic (ionic) interactions is
more likely to ensure drug stability, but physically
crosslinked polymer systems offer less control over
gel degradation and therapeutic release. Therefore, in
order to enhance the efficacy of drugs administered
intravitreally, it is important to understand their distri-
bution patterns. In this vein, modeling drug migration
and release has been integral to improving the perfor-
mance of drug-releasing hydrogels, especially in recent
years, 136140

Conclusions and Future Perspectives

Current clinically used endotamponades (aqueous
solutions, gases, and silicon oils) are effective in
promoting retinal reattachment but radically deviate
from the characteristics of the human vitreous, leading
to a considerable range of complications and an inabil-
ity to meet the requirements of vitreous substitutes,
particularly the sustained release of drugs. In contrast,
recent preclinical studies confirm the potential of
polymeric hydrogels to act as vitreous substitutes and
allow both rapid and sustained release of a wide variety
of therapeutics. However, to ensure successful trans-
lation of the proposed polymer-based vitreous substi-
tutes to the clinic, the aforementioned limitations must
be addressed, and the systems’ long-term safety and
effectiveness must be examined.

Comparing the current approaches, mainly antipro-
liferative and anti-inflammatory agents have been
investigated for the treatment of PVR as a target
disease in drug-eluting vitreous substitutes. In partic-
ular, the focus was on 5-FU, triamcinolone, retinoic
acid, and dexamethasone. Further, the hydrophilic-
ity of hydrogels allowed studies on incorporated anti-
VEGFs (bevacizumab and aflibercept) for the treat-
ment of age-related macular degeneration and prolif-
erative diabetic retinopathy. Mainly approaches based
on current clinically used endotamponades (BSS and
silicone oil) have already been investigated in humans,
whereas novel hydrogel-based vitreous substitutes have
only been evaluated in preclinical studies in vitro and
in rabbits. This is due to the fact that hydrogel-based
vitreous substitutes have not yet been translated into
the clinic. The paradigm shift from hydrophobic to
hydrophilic vitreous substitutes and the accompany-
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ing strong research effort suggests that the transla-
tion of hydrogel-based vitreous substitutes into the
clinic will occur within the next years. To date, drug-
eluting vitreous substitutes have generally followed
diffusion-based drug release. In some cases, diffu-
sion was regulated by physical entrapment (in micro-
spheres) or by chemical conjugation to the vitreous
substitute. Using the example of 5-FU as a cytostatic
drug for the treatment of PVR, the advantage of
crosslinked polymer systems (hydrogels) compared to
the liquid matrices BSS and silicone oil becomes appar-
ent. While in BSS and silicone oil, 5-FU was released
over a period of 1 hour and 5 days, respectively,
the release of 5-FU from loaded microspheres was
sustained over a clinically relevant period of several
weeks and effectively reduced the recurrence rate
of PVR.

In perspective, the approach of using vitreous
substitutes as drug delivery systems will benefit from:

» Adapting the various existing hydrogel-based

delivery systems, which are primarily delivered to

the vitreous cavity by intravitreal injection, to the

requirements of vitreous substitutes

Ensuring that immobilization or intravitreal injec-

tion of drugs does not affect optical properties

(transparency and refractive index) to avoid limit-

ing the patient’s vision

Matching the stiffnesses/viscoelasticities of the

drug release system to the native characteristics of

the juvenile and healthy human vitreous to avoid

mechanical damage to surrounding tissue struc-

tures

* Fine-tuning the degradation/release profile to

match the treatment periods of the specific ocular

diseases

Avoiding  hydrophobic  vitreous substitutes

to reduce or eliminate emulsions, unilateral

tamponading, the formation of interfaces, and

the insolubility of hydrophilic drugs

* More effective and simpler drug loading, especially
for silicon oils and gases

* Simultaneous administration of adjuvants to
increase the stability and efficacy of the therapeu-
tic agents to be released

» Applying intravitreal injections of therapeutic

agents into implanted polymer-based vitreous

substitutes

Increased incorporations of degradable nanopar-

ticles or microparticles to promote the sustained

release of drugs from polymer-based vitreous

substitutes

» Immobilizing cells into polymer-based vitreous
substitutes for the secretion of therapeutic proteins
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