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Diabetic ocular complications continue to be the leading cause of vision impairment in the world, with a

considerable impact to healthcare and the global economy. While there are management strategies cur-

rently in place to delay the progression of diabetic ocular disease, risks associated with those strategies

still pose a major concern in the clinical field. Management strategies generally involve ocular drug

administration and surgical intervention. Some limitations with current ocular drug delivery systems

include poor bioavailability of drug formulations and complications arising from drug regimens that

require frequent intravitreal injections for drug administration. A vitrectomy is also a common surgical pro-

cedure to replace severely damaged vitreous caused by various diabetic ocular complications. However,

existing vitreous substitutes used for post-vitrectomy surgery have a certain degree of toxicity to ocular

tissues. Thermogels are well-suited materials for the treatment of diabetic ocular diseases as they could

mimic the properties of ocular tissues to maintain the viability of therapeutics, serve as drug delivery

depots and be tailored to be mechanically robust and non-toxic. Furthermore, the thermoresponsive

property of thermogels imparts in situ gelling properties to create injectable mediums for minimally inva-
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1. Introduction

The global epidemic of diabetes is a growing health concern
that has been increasingly prevalent over the past few decades.
In 2021, approximately 537 million adults worldwide suffer
from diabetes with a prevalence of nearly 10.5% among adults
aged 20-79. In addition, these alarming statistics are expected
to increase to 783 million adults by 2045 with a prevalence of
about 12.2%." Diabetes Mellitus is a condition that occurs
when the pancreas is unable to produce sufficient insulin, or
the body is unable to utilise the insulin produced to break
down glucose. This results in hyperglycaemia where glucose
levels in the body are elevated and too high.> When left
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sive disease management strategies. This review covers some of the latest developments in the field,
highlighting the advantages of thermogels as sustained drug delivery systems, biocompatible and non-
toxic vitreous substitutes, shape conformable implants and long-acting therapeutics over conventional
treatments used for the treatment of diabetic ocular diseases.

untreated, hyperglycaemia magnifies the risk of developing
severe macrovascular and microvascular complications to
various tissues and organs. Traditionally, macrovascular com-
plications include stroke, coronary heart disease, and peri-
pheral artery disease, whereas microvascular complications
include diabetic kidney disease, peripheral neuropathy, and
retinopathy. Emerging evidence has now discovered other com-
plications, such as liver disease, functional and cognitive dis-
ability, infections, affective disorders, and sleep disturbances,
which were previously not acknowledged to be associated with
diabetes.® Besides adversely impacting the patient’s quality of
life, these degenerative complications have incurred a huge
health burden on the economy that was worth USD 966 billion
in 2021."

Ocular diseases are one of the more frequently incurred
comorbidities of diabetes. Hyperglycaemia could induce pro-
found damage to ocular tissues even during the initial stages
of the disease.? Diabetic retinopathy (DR) is one of the most
common manifestations of ocular disease due to diabetes and
it is the leading cause of vision loss among adults from
Western countries.” Other ocular complications of diabetes
that could develop and result in vision loss include diabetic
macular oedema (DMO), dry eye disease (DED), neurotrophic
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keratopathy, cataracts, neovascular glaucoma, and vitreous
degeneration or detachment.’ Despite progress in the medical
field, there is currently no cure for hyperglycaemia and its
associated ocular complications, only clinical measures to
prevent the complications from deteriorating further.
Management of blood glucose and blood pressure remains to
be the key to reducing the chances of developing most diabetic
ocular complications. Regular eye screening has facilitated
early diagnosis such that patients receive timely treatment and
remain responsive to current treatments.® Current pharmaco-
logical approaches for hindering the progression of diabetic
ocular diseases are mostly steered towards preventing sorbitol
accumulation, reducing ocular vascular proliferation, and sup-
pressing adverse inflammatory responses in the eye.”® This
would usually be achieved by delivering various therapeutics
into specific segments of the eye. Some diabetic ocular dis-
orders such as DED may be addressed by designing biocompa-
tible implants in the form of specialised contact lenses or
occlusion plugs to reduce tear loss if the patient does not show
improvements with the use of artificial tears or therapeutics
used for the management of the disease.’

Current routes of therapeutics delivery to ocular tissues
vary in their degree of invasiveness for the treatment of ocular
diseases. Therapeutics delivery could range from convention-
al eye drops to direct injection of therapeutics or via intra-
vitreal ocular implants for prolonged release in the eye.'°
These traditional routes of delivery have their specific limit-
ations. For instance, therapeutics loaded in eye drops, like
anti-glaucoma drugs used for lowering intraocular pressure
(IOP), tend to have poor bioavailability due to blink reflex,
rapid tear turnover, and poor corneal penetration.'!
Therapeutics delivered via intravitreal injections may some-
times cause the development of sight-threatening compli-
cations such as endophthalmitis and rhegmatogenous
retinal detachment due to poor aseptic and injection tech-
niques.'” The risk would be further escalated for drugs with
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short half-lives in the vitreous humour, requiring frequent
intravitreal administrations to maintain the therapeutic
effect of the drugs. While intravitreal implants are clinically
available to help extend the release of drugs with short half-
lives, they are mostly non-biodegradable and would pose
similar problems as the need for surgical intervention for
its removal exposes patients to possible post-surgical compli-
cations.” Due to these challenges in effective ocular thera-
peutic delivery, there is a dire need for novel strategies to
advance treatments for diabetic ocular diseases.

In recent years, the use of hydrogels has been identified as
an attractive and promising approach for the management of
diabetic ocular disease.’* Among the characteristics of hydro-
gels that make them versatile are their biocompatibility,
mechanical properties that are similar to biological tissues,
their micro- and macro-structural integrity, and their ability to
determine the local chemical environment. These properties
arise from its chemically tailorable three-dimensional net-
works composed of chemically -crosslinked hydrophilic
polymer chains that retain large amounts of water while main-
taining its structure.’®'® However, applications of such co-
valently crosslinked hydrogels have been limited as they
require invasive medical procedures and suffer from poor site
conformability.”” As a result, injectability has become an
increasingly important criterion as a minimally invasive
administration method. This has steered research efforts
towards the preparation of hydrogels using non-covalent supra-
molecular interactions. Examples of these interactions include
hydrogen bonding, hydrophobic interactions, ionic inter-
actions, and host-guest bonding.'”'® These supramolecular
interactions are reversible and allow the hydrogel’s matrix to
be formed and deconstructed under appropriate conditions,
for example at certain pH or temperatures.'® Additionally, the
reversibility enables temporary disruption of the hydrogel’s
matrix, such as during high shear conditions when passing
through a needle, before being reformed thereafter.™
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Fig. 1 Schematic of (A) sol-to-gel transition upon heating, (B) micelle formation and gelation, and (C) drug release and disentanglement of

micelles.

2. Thermogels for diabetic ocular
complications

2.1. Properties of thermogels

Thermogels are a subclass of supramolecular hydrogels that
exist as free-flowing solutions and undergo sol-to-gel transition
at elevated temperatures (Fig. 1A). The automatic transition is
driven by hydrophobic interactions forming reversible physical
crosslinks, and this unique property is particularly useful as
no potentially toxic reagents or crosslinkers are required for
gelation.”®*' Thermogels that are capable of gelation at near
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physiological temperature are generally desirable for ocular
applications as they could be injected as a solution and
promptly form a gel in situ.

An important aspect of obtaining thermogels lies in a
phenomenon known as the lower critical solution temperature
(LCST). Polymers exhibiting LCST contain both hydrophilic and
hydrophobic domains and are fully miscible in water below a
certain temperature. Above that temperature, the polymer
becomes poorly solvated by water molecules around the hydro-
phobic domains, causing it to undergo a coil-to-globule transition
that results in phase separation.>” It should be noted that this
does not mean that the polymer becomes completely hydro-
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Table 1 Examples of polymers used in thermogels for ophthalmic applications

Polymer Structure

Property

Poly(propylene glycol)

HO\(\)\O?;‘

Poly(N-isopropylacrylamide)

Thermoresponsive (LCST: 15-42 °C)*’

Thermoresponsive (LCST: 32 °C)*®

A
Poly(2-oxazoline) T Thermoresponsive (LCST: 24-97 °C)*°

R0
Poly(ethylene glycol) oo, Hydrophilic
Hyaluronic acid \{ & &l’ Hydrophilic

o O HO 0

OH o =<NH i

Gelatin 0055 °N,\'rn i y OH Hydrophilic

SVShees 7{; :

"o NH o oo H/\gi

e %
Poly(caprolactone) 40\/\/\)?9_ Hydrophobic
Poly(hydroxybutyrate 89 Hydrophobic
y(hydroxybutyrate) fonty ydrop

Poly(lactic-co-glycolic acid) P‘Lro Hr(\ Jr Hydrophobic

phobic above the LCST, as the hydrophilic domains remain so
even above the LCST.*® These thermoresponsive polymers are
crucial in enabling the preparation of thermogels. Covalently
coupling LCST polymers with other water-soluble polymers
results in amphiphilic block copolymers that can self-assemble
into micelles at elevated temperatures. Poly(N-isopropyl-
acrylamide) (PNIPAAm) is perhaps the most studied thermo-
responsive polymer for biomedical applications due to its LCST
of 32 °C which is close to physiological temperatures.***> Other
copolymers exhibiting LCST in aqueous solution such as poly
(ethylene glycol) (PEG), poly(propylene glycol) (PPG),>® and the
Poloxamers or Pluronic family of thermoresponsive triblock copo-
lymers (Table 1) are commonly used to prepare thermogels.””
Thermogelation can occur via micellar aggregation into an

ordered three-dimensional network that entraps water
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(Fig. 1B), with several models proposed. The Pluronic family is
an example of ABA triblock copolymers, where A represents
the hydrophilic blocks and B represents the thermoresponsive
LCST blocks, that form the gel network via spherical micelle
packing into a cubic lattice.>®*° In BAB triblock copolymers,
the micelles are proposed to entangle via loops and
bridges.***' Recent small-angle neutron scattering (SANS)
measurements of several BAB block copolymers with varying A
and B block lengths showed that these entanglements are
highly dependent on the polymer nanostructure interactions
and morphology of the micelles.*” For diblock (AB) micelles
having a hydrophilic corona with non-obvious aggregation
points, crew-cut or semi-bald micelle models have been put
forth.**> More recently, thermogelling polyurethane multi-
block copolymers composed of randomly distributed hydro-
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philic and hydrophobic blocks have been developed. They were
proposed to form networks via the associated micelle model
involving “hairy micelles” that associate with each other
through the random hydrophobic blocks on the “hairs”.>*3°
The rational design of new thermogelling copolymers can be
guided through careful consideration of the gelation mecha-
nism which is influenced by the copolymer architecture and
the interactions of its nanostructures.>*>’

The minimum concentration of polymer in solution before
a gel can be obtained is known as the critical gelation concen-
tration (CGC), which can be determined via vial-inversion
tests, rheological measurements,*® or dynamic light-scatter-
ing.>® Generally, a polymer having a higher molecular weight
with the same composition tends to exhibit lower CGC
because of greater entanglements between micelles.”® Low
CGC thermogels are beneficial for their higher water content
which improves their biocompatibility.*! However, one potential
consequence of high molecular weight polymers is that they
cannot be easily removed from the body. Thermogels targeting
the treatment of ocular diseases are typically deposited near the
eye, for example inside the vitreous body or in the anterior or pos-
terior chambers. The anterior and posterior chambers are under
constant flow of the aqueous humour that drains via the trabecu-
lar pathway involving the trabecular meshwork and Schlemm’s
canal.*? In the case of the vitreous, aqueous flow into the pos-
terior chamber or across retinal pigment epithelium occurs
through diffusion or advection.*** Due to bulk or surface
erosion of thermogels,* the eroded polymer micelles can be
carried out of the eye via these pathways, eventually ending up in
the bloodstream and subsequently removed by the kidneys via
renal glomerular filtration. The filtration can be impeded or even
blocked if the molecular weight of the polymers is too high. For
example, poly(ethylene glycol) with molecular weights greater
than 10 kDa have significantly reduced rates of renal excretion.*®
To address this issue, biodegradable polymer blocks such as poly
(caprolactone) or poly(lactic acid-co-glycolic acid) containing
hydrolysable ester groups can be inserted into polymer chains to
enable their degradation into shorter chains and facilitate their
removal from the body."”*°

The composition of the polymer chain is also an important
parameter affecting the CGC of thermogels. This includes the
ratio of hydrophobic to hydrophilic blocks in the polymer, as
well as the lengths and molecular weight distributions of the
blocks.>*>! Having a greater composition of hydrophobic
macromonomers, such as PPG or poly(lactic-co-glycolic acid)
(PLGA), lowers the LCST due to increased hydrophobic
interactions.*””** This initiates micelle self-assembly and sub-
sequent thermogelation at lower temperatures, resulting in
lower CGC. Conversely, a greater composition of hydrophilic
macromonomers, like PEG, would increase the CGC. Several
examples of hydrophobic and hydrophilic polymers, as well as
thermoresponsive polymers with LCST that are used in ther-
mogels for ophthalmic applications are shown in Table 1. The
polymer’s topology has also been found to affect the CGC. Lin
et al. prepared thermogelling hyperbranched polyurethanes
with different degrees of branching.>*">* They found that the
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View Article Online

RSC Applied Polymers

CGC increases with branching, likely due to reduced polymer
entanglements from a more globular geometry.>* Micellization
is an entropically driven process from the dehydration of
hydrophobic blocks. An increase in branching resulted in less
positive entropic values (AS),>*° leading to an overall increase
in the Gibbs free energy (AG) and thus indicated a less exergo-
nic and spontaneous process. Since the gelation temperature
and CGC of thermogels are closely intertwined, the gelation
temperature can be tuned via careful formulation based on the
parameters mentioned above,'?2%:32:6

2.2. Applications of thermogels for diabetic ocular disease
management

Current research work on thermogels for ocular applications
demonstrates the ability of thermogels to be utilized as drug
depots for sustained drug delivery, vitreous substitutes, shape-
conformable implants such as punctal plugs, and long-acting
therapeutics (Fig. 2).

When thermogels are injected into the body, they could
function as depots that store therapeutics such as drugs or
peptides within its three-dimensional matrix. The solubil-
ization of hydrophobic drugs is particularly facilitated by the
hydrophobic blocks of the constituent polymers in the thermogel.
Owing to the porous matrix at the molecular scale, encapsulated
therapeutics can be released via diffusion and erosion of the
matrix by gradual disentanglement of the micelles (Fig. 1C).
Correspondingly, controlled, sustained, and also localized thera-
peutic release from the thermogel depot can be achieved for the
treatment of diabetic ocular diseases, which is advantageous to
conventional methods of drug delivery requiring high dosages
and more frequent administration.®* The thermogel’s cross-
linking density can influence the porosity of the matrix as well as
the strength of micellar interactions, which in turn dictates the
duration of therapeutic release. Secondary crosslinking sites
which are triggered by the addition of secondary crosslinking
agents, metal ions, dynamic covalent bonds, or host-guest inter-
actions can be introduced into the thermogel to increase the
crosslinking density.®*** A secondary benefit of a thermogel
depot with slower drug release kinetics is that it extends the
effective duration of drugs with a short half-life. For example, the
sustained release of the diabetic drug, liraglutide, with a half-life
in the order of hours was able to be maintained over several days
in vitro.”® Another factor that influences the release of thera-
peutics is the presence of non-covalent interactions between the
drug and the thermogel. For instance, electrostatic interactions
have been shown to influence the release rate of ionic drugs from
thermogels with charged polymer backbones.®® Therefore, the
rate of therapeutic release from thermogels can be tuned through
rational design.

Besides the favorable drug release capabilities of thermogels
for ocular applications, the high water content in thermogels
makes them excellent vitreous substitutes or tamponading
materials with similar densities and refractive indices.®” The
transparency and stiffness of the gel are important parameters to
consider for ocular applications, and a clear and transparent vitr-
eous substitute ensures good optical clarity immediately post-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Ocular applications of injectable thermogels.

surgery.®® While the polymer molecular weight and composition
can be altered to tune the CGC and gelation temperatures, they
have also been found to influence the gel’s opacity.***® Moreover,
a vitreous tamponade is recommended to have a minimum
storage modulus of 100 Pa to withstand the regular fast motion of
the eye.”” Therefore, a balance between the gel storage modulus
and its opacity is required to ensure the thermogel’s suitability as
a vitreous tamponade. Furthermore, since thermogels could be
tailored to match the mechanical properties of ocular tissues, the
in situ thermogelling properties could also be utilized to produce
shape-conformable ocular implants.

In the following sections, this review would highlight the
development of thermogels over the past few decades for the
management of various diabetic ocular complications. The lit-
erature examples are summarized in Table 2.

3. Types of diabetic ocular
complications

3.1. Diabetic retinopathy, macular oedema and neovascular
glaucoma

DR is one of the most common microvascular complications
of diabetes mellitus and is a major cause of blindness among

© 2023 The Author(s). Published by the Royal Society of Chemistry
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9697 DR is characterized

the global adult working population.
as a microvascular neurodegenerative disease where persistent
high blood sugar impairs neurovascular cells of the retina
causing various neurovascular complications. DR can be
divided into two categories: non-proliferative diabetic retino-
pathy (NPDR) and proliferative diabetic retinopathy (PDR).
NPDR occurs when hyperglycemia disrupts the production and
regulation of neuroprotective factors causing retinal neuro-
degeneration, early microvascular impairment, and neuro-
vascular unit impairment. These lead to thickening of the
retinal basement membrane, disruption of endothelial tight
junctions and retinal pericyte loss, causing blood-retinal
barrier dysfunction which results in vascular leakage. As NPDR
progresses, chronic and higher severity vascular damage leads
to regions of ischemia in the retina due to capillary non-
perfusion, causing capillary occlusion and degeneration. PDR
occurs when proangiogenic growth factors are produced in
response to chronic or worsening ischemia to cause retinal
neovascularization.”®”® The new blood vessels formed via
retinal neovascularization are structurally weak and tend to
grow into the vitreous body. A non-clearing vitreous hemor-
rhage or the development of tractional retinal detachment
from extensive vitreous scarring would lead to severe loss of
vision.”® "% A posterior pars planar vitrectomy would be

RSC Appl. Polym., 2023,1, 204-228 | 209
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Table 2 Literature examples of thermogels for the management of various diabetic ocular complications

Drug delivery systems

Polymer Application

Payload

Administration
route

Delivery performance

Ref.

PEG-PPG-PCL (EPC) Diabetic
retinopathy

PEG-PPG-PTHF (EPT) Intraocular
drug delivery
depot

PEG-serinol hexamethylene Diabetic

urethane (ESHU) retinopathy

PEOz-PCL-PEOz (ECE) Diabetic
retinopathy

PLGA-PEG-PLGA (PPP) Diabetic
retinopathy

PLGA/PNIPAAmM-PEG Diabetic
retinopathy

PLGA/PEG-PLLA DA Diabetic
retinopathy

PLGA/PNIPAAmM-PEG Neovascular
glaucoma

LDH/PLGA-PEG-PLGA Neovascular
glaucoma

Chitosan/gelatin/ Neovascular
B-glycerophosphate glaucoma

Hexanoyl glycol chitosan Neovascular
(HGC) glaucoma

210 | RSC Appl. Polym., 2023, 1, 204-228

Bevacizumab,
Aflibercept

BSA

Bevacizumab

Bevacizumab

Bevacizumab

Ranibizumab,
Aflibercept

Aflibercept

Brimonidine

Brimonidine

Latanoprost

Brimonidine

Intravitreal

Intravitreal

Intravitreal

Intravitreal

Intravitreal

Intravitreal

Intravitreal

Topical (eye
drops)

Topical (eye
drops)

Subconjunctival
injection

Topical (eye
drops)

Sustained release of bevacizumab and
aflibercept for 40 days in vitro.
Released anti-VEGFs show functional
bioactivity; inhibited HUVEC cell
proliferation in vitro, inhibited
angiogenesis in rat ex vivo choroidal
explants and inhibited VEGF-driven
neovascularization in rabbit model
Released 50% of BSA over 28 days

in vitro.

Bevacizumab released from ESHU over
16 weeks with minimal burst release
in vitro. However, burst release of
bevacizumab was observed in vivo,
bevacizumab was released from ESHU
for up to 9 days. ESHU could deliver
and maintain a concentration of
bevacizumab in the vitreous that is 4.7
times higher than delivery through
bolus injection.

Diffusion-controlled release of
bevacizumab for 11 days, erosion- and
diffusion-controlled release thereafter
up to 20 days in vitro.

PPP sustained the release of
bevacizumab for 14 days in vitro with
10-13% burst release within the first
8 hours and marginal release
thereafter. Avastin®-loaded PPP
extended the presence of the protein in
the vitreous humour and retina for 4
weeks.

Ranibizumab or aflibercept could be
loaded and released from the
thermogel for at least 6 months

in vitro. Anti-VEGF agent loaded
thermogel could deliver bioactive
payload for at least 12 weeks.
Sustained the release of aflibercept for
at least 6 months in vitro. Aflibercept-
loaded thermogel could deliver a
bioactive payload for at least 6 months.
Sustained the release of brimonidine
and reduced the IOP of rabbit eyes for
at least 28 days.

Sustained the delivery of brimonidine
for up to 144 hours in vitro with 75%
burst release within first 10 hours and
subsequent 15% slow sustained
release. Therapeutic levels of
brimonidine could be maintained via
delivery through the thermogel system
in rabbit’s cornea for up to 168 hours.
Sustained the release of 67.72 + 4.25%
latanoprost over 28 days. In vivo studies
carried out on glaucomatous rabbit
eyes showed latanoprost-loaded
thermogel could reduce intraocular
pressure to normal levels within 8 days.
Instillation of brimonidine-loaded
HGC lowered IOP of rabbit eyes from
baseline levels for 14 hours, which is
2-fold longer than conventional anti-
glaucoma eye drop formulation
Alphagan P.
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Table 2 (Contd.)
Drug delivery systems
Administration
Polymer Application Payload route Delivery performance Ref.
Poly(NIPAAm-co-NAS-co- Diabetic Dexamethasone Intravitreal Sustained release of native 85
mDEX)-PEG-poly(NIPAAm-co- retinopathy dexamethasone for over 430 days
NAS-co-mDEX)-cysteamine in vitro. Software to simulate in vivo
(PNADEX-CA) release showed prolonged release of
dexamethasone while maintaining
therapeutic concentration in the
vitreous for at least 500 days.
Chitosan-gelatin Cataracts Levofloxacin Topical (eye Sustained release for over 7 days 86
drops) in vitro.
MSN/PLGA-PEG-PLGA Cataracts Prednisolone acetate ~ Subconjunctival Prolonged release of PA and short-term 87
Levofloxacin injection release of levofloxacin within 28 days
in vitro.
PLGA/PLCL-PEG-PLCL Cataracts Levobunolol — Short-term slow release of moxifloxacin 88
Dexamethasone, for up to 15 days and even slower
Moxifloxacin prolonged release of dexamethasone
and levobunolol for more than a
month in vitro.
mPEG-PLA NLC/pluronics Cataracts Dexamethasone, — Within 10 days, moxifloxacin was 89
(26% F127/1.5% F68) Moxifloxacin, completely released in vitro.
Genistein Dexamethasone experienced a burst
release profile in the first week,
followed by a sustained release for 30
days. Genistein gradually released at a
decreasing rate till day 40. Inhibited
proliferation, migration and epithelial-
mesenchymal transition of lens
epithelial cells (SRA 01/04) in a dose-
dependent manner.
Gelatin-PNIPAAm-helix Dry eye disease  Epigallocatechin Topical (eye Sustained release of EGCG for over 14 90
pomatia agglutinin gallate (EGCG) drops) days in vitro.
MPOSS-PEG-PPG Dry eye disease  FK506 Topical (eye Prolonged release of FK506 for over 20 91
drops) days.
Chitosan/poloxamer (C/P407) Dry eye disease  Insulin Topical (eye Slow release of insulin over 15 days. 92
drops)
Tamponade material/ocular implant
Polymer Application Performance Ref.
PEG-PPG-PCL (EPC) Endotamponade EPC maintained in the vitreous for at least 1 year. Induced vitreous regeneration 93
and inhibited retinal scarring post-vitrectomy
PEG-PPG-PCL-Glycerol Endotamponade EPCG supported the eye as a vitreous tamponade in rabbit eye models and 53
(EPCG) naturally biodegraded and cleared out of vitreous after 4 months.
PHBHX-PEG-PPG (PHXEP)  Endotamponade PHXEP supported retinal structure as an endotamponade in rabbit eyes over 180 69

days, maintaining normal IOP.

Hydroxybutyl chitosan Punctal plug (dry eye

(HBCQ) disease)
Sulfated HA-PNIPAAm Long-acting therapeutic
implant

HBC punctal plugs reduced tears flow flux by 76.9% and the plug persisted for 94
over 4 weeks post-implantation.

In vivo studies using rabbit dry eye models with a one-time topical application of 95
the thermogel demonstrated ~99% repair of corneal epithelial defects, prevention

of cellular apoptosis with ~68.3% cells recovered, and suppression of ocular
surface inflammation by 4 folds within 7 days.

required to remove a portion of the vitreous body and replace
the resected vitreous with a vitreous tamponade. DMO may
also occur at any level of DR when the extravasation of fluids
due to vascular damage occurs at the macular region to cause
swelling and blurry vision.’®°® Neovascular glaucoma may also
develop in patients with long-term PDR due to chronic retinal
ischemia causing angiogenic factors to diffuse to the anterior
segment of the eye. This diffusion could also sometimes be
induced for diabetic patients receiving a vitrectomy or lensect-

omy as well,'°%1°

© 2023 The Author(s). Published by the Royal Society of Chemistry

Treatments are available to manage various complications
that arise from DR. Panretinal laser photocoagulation (PRP) is
the standard technique used for the treatment of PDR and
other vascular angiogenic abnormalities. It involves using a
laser to burn and seal abnormal or leaking blood vessels and
destroy ischemic retina tissues. A reduction in the area of
ischemic retinal tissues helps alleviate hypoxia and encourages
the regression of retinal neovascularization.’®'*> However,
various adverse side effects may occur with PRP and they range
from complications such as a decrease in peripheral and
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colour perception, poorer night vision and induction of
scotoma to serious complications like retinal scarring, choroi-
dal detachment, and the expansion of laser scars causing sec-
ondary choroidal neovascularization.'®*'%> The lasers used for
PRP have since been modified and advanced over the years to
improve clinical efficacy and reduce the occurrence of the
aforementioned side effects of the procedure.

Intravitreal injections of anti-VEGF agents or intraocular
steroids are alternatives and may supplement PRP to manage
vascular proliferation in the eye. Anti-VEGF agents target
VEGF-driven processes of neovascularization which help
hinder vascular angiogenesis and regulate the function of the
blood-retinal barrier.'”® Clinical trials of patients receiving
anti-VEGF therapy have statistically shown to achieve better
visual acuity outcomes compared to PRP for the treatment of
PDR and DMO."**'% Intraocular steroids help suppress path-
ways of inflammation and down-regulate VEGF expression.'%®
However, while intraocular steroids have been shown to
correct ocular angiogenic conditions in the short term, their
use is limited as patients often develop cataracts, glaucoma, or
endophthalmitis as a side effect."°>'”” Nonetheless, intra-
vitreal injections of either anti-VEGF agents or intraocular
steroids usually require frequent administrations to achieve
their optimal therapeutic effect as both have very short half-
lives when administered into the vitreous (3.5 hours for dexa-
methasone, 5-8 days for anti-VEGF agents).'%”'°® This exposes
patients to cumulative injection trauma that may increase the
risk of patients developing subconjunctival haemorrhage, cat-
aracts, or endophthalmitis. The need for regular intravitreal
injections would also often lead to poor patient compliance.
Recently, two new anti-VEGF agents named brolucizmab and
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fabricimab were approved for clinical use by the US Food and
Drug Administration (FDA) in 2022 for use in the treatment of
DMO."* They both have similar or slightly better therapeutic
efficacy and longer therapeutic windows compared to conven-
tional anti-VEGF agents like aflibercept, which allow a
reduction in the frequency of intravitreal administration
required for treatment."'®""" Unfortunately, the two new anti-
VEGF agents have yet to be approved by the FDA for use in the
treatment of DR. Less invasive delivery methods such as the
use of topical eye drops have been explored but there are mul-
tiple barriers present in the eye making delivery to the pos-
terior segment of the eye challenging (Fig. 3).'*>

Therefore, intravitreal injection is currently the best route
for the administration of therapeutics to the posterior segment
of the eye. Intraocular implants that could extend the release
of therapeutics were thus developed to reduce the frequency of
intravitreal injection required for treatment. Some examples of
clinically approved implants are Illuvein®""* and Ozurdex®""*
used for sustained intraocular steroid delivery and Susvimo™
which uses a port delivery system for the delivery of anti-VEGF
agent, ranibizumab.''® However, there is a risk with intra-
ocular implants that may cause patients to develop various
sight-threatening complications."*®''” This has led to the con-
tinued pursuit of other novel delivery systems that could serve
as a universal depot for prolonged ocular drug delivery.

3.2. Thermogels as a drug delivery system for DR, DMO and
neovascular glaucoma

Recently, hydrogels capable of in situ gelation have been an
active research field for use in drug delivery. As thermogels
could function as a depot for the extended release of thera-

Intravitreal
injection

Sclera

horoid
— Retina

Blood retinal barrier

Posterior
segment

Fig. 3 Therapeutic molecules have to penetrate five layers of the cornea, the blood aqueous barrier and the vitreous body before reaching the

retina. Reproduced from reference,**?
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peutics® and its composition can be tuned to gel at physio-
logical vitreous temperature (35 °C), various thermogelling
polymers have been explored for the release of therapeutics to
manage DR and its associated complications.

Generally, conventional block copolymer thermogels could
entrap therapeutic molecules in its micelle networks to extend
the release of various therapeutic agents such as anti-VEGF
agents, anti-glaucoma drugs, and intraocular steroids.

A multiblock copolymer thermogel was designed by Xue
et al. for the release of anti-VEGFs like bevacizumab and afli-
bercept.”! This thermoresponsive copolymer (termed as EPC)
was a biodegradable polyurethane consisting of PEG, PPG, and
hydrolysable polycaprolactone (PCL) segments coupled with
1,6-hexamethylene diisocyanate (HMDI). The authors studied
the release of aflibercept from EPC thermogels containing
different PEG:PPG ratios from 1:1 to 6:1 and found that
slower release was obtained at higher PEG to PPG ratios.
Confocal imaging of fluorescein-conjugated rabbit IgG-loaded
thermogels stained with Nile Red dye (Fig. 4) revealed that the
IgG protein domain sizes were dependent on the PEG and PPG
ratios. EPC thermogels consisting of lower PEG to PPG ratios
(1:1, 2:1) showed hydrophilic protein domains (in green) that
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were larger while gels with higher PEG to PPG ratios (4:1,
6:1) had smaller but more homogeneous protein domains.
The results were attributed to the hydrophilic proteins having
lesser partitioning away from the hydrophobic polymer phase
in the more hydrophilic EPC thermogels (4:1, 6:1) that
allowed for more interaction between the polymer matrix and
the loaded protein drug which led to slower rates of release of
hydrophilic anti-VEGFs. The thermogel formulation with a
PEG to PPG ratio of 4 : 1 was able to sustain the release of beva-
cizumab and aflibercept for 40 days in vitro and the released
anti-VEGFs were found to remain bioactive based on Human
Umbilical Vein Endothelial Cells (HUVEC) proliferation assay,
ex vivo model of choroidal sprouting and in vivo on rabbit
models with persistent retinal neovascularization. From in vivo
experiments, intravitreal injection of EPC thermogels at a
PPEG : PPG ratio of 4 : 1 loaded with aflibercept could suppress
ocular angiogenesis for at least 28 days.”*

Zhang et al. subsequently modified EPC by substituting
PCL with poly(tetrahydrofuran carbonate) diol (PTHF) to
obtain a thermogel (termed as EPT).”> PTHF was used because
it is structurally similar to PEG and PPG and it is a material
that has been previously used for long-term biomedical appli-
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Fig. 4 Confocal laser scanning microscopy showing protein distribution within thermogel. (A) Confocal laser scanning microscopy images of
stained protein loaded in 20 wt% EPC thermogel. (B) Confocal laser scanning microscopy images coloured according to size where small, medium,
and large domains are orange, green and purple respectively. (C) Quantification of total average size of fluorescent domains for EPC with different
PEG/PPG ratios. (D) Quantification of average size of medium and large domains (n = 3) (*p < 0.05; **p < 0.01; ***p < 0.005). Reproduced from ref.

71 with permission from the Royal Society of Chemistry 2019.
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cations due to its high stability and biocompatibility’*® and its
ability to modulate the gelation temperature of other thermo-
gel systems.''® The PEG:PPG ratio of 4:1 was maintained
while the amount of PTHF was varied. The optimized EPT
composition containing 5.7% PTHF by weight yielded the best
properties for extended intraocular drug delivery applications.
This composition of EPT was able to resist structural erosion
better than EPC while still maintaining its ability to bio-
degrade and be naturally cleared from the vitreous of the eye.
This was demonstrated when it was found that EPC degrades
completely and becomes undetectable in the vitreous at
3 months post-implantation while about 30% of EPT would
still be observable for the same duration. Release kinetic
studies performed in vitro with Bovine Serum Albumin (BSA)
as a model drug showed that EPT had a consistent protein
release profile and was able to release 50% of the loaded
amount over 28 days in vitro, which indicates its ability for
extended protein release’® and the potential for long-term
anti-VEGFs delivery for the treatment of DR.

Another multiblock polyurethane thermogel was fabricated
by Park and co-workers consisting of Poly-(N-Boc-serinol) as
the hydrophobic block and PEG as the hydrophilic block for
the delivery of the anti-VEGF agent, bevacizumab.”® This bio-
degradable PEG-poly-(serinol hexamethylene urethane) (ESHU)
thermoresponsive hydrogel could be injected at 15 wt%
polymer in PBS solution or a solution of bevacizumab in its sol
state and undergo a rapid sol-gel phase transition at 37 °C.
This thermogel is also well tolerated and biocompatible as it
was shown that ESHU does not cause toxicity or adverse effects
to corneal endothelial cells nor does it affect retinal function.
The authors subsequently demonstrated that ESHU is capable
of sustaining the release of bevacizumab for 16 weeks with
minimal burst release in vitro.”> However, a burst release was
observed when bevacizumab-loaded ESHU was delivered via
intravitreal injection into rabbit eyes with a subsequent sus-
tained release for up to 9 weeks. Nonetheless, ESHU could
support and maintain a bevacizumab concentration that was
4.7 times higher than eyes receiving bevacizumab delivered via
bolus injection.'*°

Wang et al. designed a tri-block poly(2-ethyl-2-oxazoline)-
PCL-poly(2-ethyl-2-oxazoline)  (PEOz-PCL-PEOz) copolymer
thermogelling polyurethane (termed as ECE) for sustained
intraocular release of bevacizumab.” This copolymer is com-
posed of an amphiphilic (PEOz) block and a PCL bio-
degradable hydrophobic block coupled together by HMDI. The
authors demonstrated the ability of ECE copolymer to load a
solution of bevacizumab at low temperatures and undergo sol-
to-gel transition in response to elevated temperatures at 37 °C.
In vitro release studies were carried out by incubating a bevaci-
zumab-loaded ECE polymeric solution in an ocular saline solu-
tion at 37 °C. Samples of the released bevacizumab were quan-
tified via enzyme-linked immunosorbent assay (ELISA). The
study showed a diffusion-controlled release of 40 pg day " for
the first 11 days and a combination of erosion- and diffusion-
controlled release for day 11-20. Erosion-controlled release
was confirmed by scanning electron microscopy (SEM) to
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observe changes to hydrogel morphology. At day 20, 80% of
the loaded bevacizumab was released and was tested biologi-
cally active. Intravitreal injection of ECE into rabbit eyes
showed that the rabbit could preserve its normal neuroretinal
functions for two months. This demonstrates the safety and
effectiveness of the thermogel system.””

Another tri-block PLGA-PEG-PLGA (PPP) thermogelling
copolymer was reported by Xie et al. for the sustained release
of bevacizumab (Avastin®) to treat posterior segment angio-
genic vascular disorders.”” PEG is the hydrophilic component
and PLGA is used as the hydrophobic and thermoresponsive
component to form the thermogelling polymer. Based on rheolo-
gical studies, PPP with a PEG : PLGA weight ratio of 1:2.6 has a
sol-gel transition temperature of 26 °C at 20 wt%. However, when
bevacizumab was loaded into PPP, the gelation temperature
lowered to between 22-24 °C, depending on the concentration of
the protein. The authors suggested that hydrophobic interaction
between bevacizumab and hydrophobic segments of PPP results
in a lower gelation temperature. This hydrophobic interaction
may also cause undesired protein unfolding which may result in
loss of biological activity in the vitreous. Subsequent in vitro
release studies showed PPP was able to carry out sustained
release of bevacizumab over 14 days, with 10-13% burst release
within the first 8 hours and marginal release thereafter with no
apparent toxicity to the retina. It was also observed through
in vivo pharmacokinetics studies with rat eyes that PPP could
extend the presence of Avastin® in the vitreous humor and retina
for 4 weeks (35 + 14 ng ml™") compared to the absence of
Avastin® after 4 weeks via direct intravitreous injection. It was
however not determined whether the released Avastin® in the
vitreous was bioactive.”

Besides entrapping therapeutics within the thermogel
micelles networks for release, other strategies were also
employed to delay the release of therapeutics from thermogels.

A microsphere-thermogel drug delivery system was fabri-
cated by Osswald et al. to prolong the release of bioactive afli-
bercept for ocular delivery. The team first experimented with
suspending PLGA microspheres loaded with aflibercept in a
PNIPAAM-PEG diacrylate thermogel This PNIPAAm-PEG dia-
crylate thermogel with PLGA microspheres drug delivery
system (DDS) could be injected at room temperature through a
28-G needle which then transitioned to an opaque gel at phys-
iological temperature for sustained release of anti-VEGF
agents. In vitro drug release studies in PBS at 37 °C demon-
strated that it could extend the release of anti-VEGF agents,
ranibizumab and aflibercept, for at least 6 months with
minimal toxicity or adverse effects to retinal function based on
tests with RPE cells. An initial burst release before a sub-
sequent slow zero-order release of the anti-VEGF agent was
observed. Only 47% of the loaded anti-VEGF agent was
released after 6 months. A 12-week study on the therapeutic
efficiency of the DDS on murine eye models showed that anti-
VEGF agents released were bioactive and able to reduce laser-
induced neovascular lesions areas by 60% and could success-
fully further extend the presence of anti-VEGFs in the eye as
compared to bolus injection of anti-VEGF agent.”®”®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The PNIPAAmM-PEG diacrylate/PLGA microsphere DDS men-
tioned previously was non-biodegradable in the body and the
release of its payload was largely incomplete. Liu and co-
workers subsequently fabricated a degradable DDS made of
PEG-co-(r-lactic acid) (PEG-PLLA) diacrylate/NIPAAM that was
polymerized via free radical polymerization to produce a ther-
mogel that improves the release of more aflibercept loaded
PLGA microspheres within the same drug release time frame
(Fig. 5).”° The incorporation of PLLA provided hydrolyzable
groups to the copolymer for biodegradation and the thermogel
achieved a greater release of aflibercept after 6 months
(~66%). The DDS and its degradation byproducts were found
to be non-cytotoxic but the bioactivity of aflibercept was found
to be lower due to the acidic nature of the degradation bypro-
ducts from the PLGA microspheres and PEG-PLLA-DA cross-
linked polymer. This was managed by adding basic additives
like Mg(OH), as a neutralizing agent to maintain the bioactiv-
ity of aflibercept. Further in vivo studies on this degradable
DDS showed that aflibercept released was effective at reducing
the size of laser-induced neovascular lesions in rat eyes (Fig. 6)
without signs of inflammation or ocular abnormalities
affecting the eye after 6 months.*°

Similarly, the hydrophilic anti-glaucoma drug brimonidine
could also be encapsulated in PLGA microspheres and dis-
persed in another PNIPAAmM-PEG thermogel for extended-
release. Fedorchak et al. used a microsphere-thermogel system
similar to the one reported by Osswald et al. to make an eye
drop formulation.® The drug delivery system was adminis-
tered at the lower fornix of rabbit eyes and the release was
monitored by measuring IOP over time. This brimonidine-
loaded microsphere-thermogel system was able to successfully
reduce the IOP of rabbit eyes for at least 28 days. Cytotoxicity
tests with conjunctival epithelial cells showed approximately
70% cell viability, which is the minimum acceptable threshold
for ocular toxicity according to GHS classification.

A different composite nanoparticle-thermogel system was
fabricated by Sun et al. where a brimonidine-loaded layered
double hydroxide (LDH) nanoparticle formed from MgCl, and
AlCl; was dispersed in a PLGA-PEG-PLGA thermogel.®?
Rheological studies and light transmission studies showed
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that the composites could spontaneously gel around 37 °C and
yielded gels that were mostly transparent with a light transmit-
tance of 56-88% in the visible light range. Brimonidine was
released through a dual-control strategy where the release first
occurs due to anionic exchange from LDH nanoparticles fol-
lowed by the diffusion out of the thermogel matrix to the tear
film (Fig. 7). The in vitro drug release profile of the thermogel
composite showed an initial burst release of 75% of loaded
brimonidine in the first 10 hours, followed by a sustained
release of 15% loaded brimonidine in the next 2 days and slow
release for up to 144 hours. In vivo studies were carried out on
male rabbit eyes where the thermogel composite would be
dropped onto the rabbit’s cornea before an external contact
lens was applied to cover the formulation (Fig. 8). Results of
the in vivo experiments showed that the thermogel composite
had good biocompatibility and was not cytotoxic. Delivery of
brimonidine was maintained at therapeutic levels for up to
168 hours which effectively relieves IOP for longer as compared
to commercial eye drops such as Alphagan® which only sus-
tains release for up to 48 hours.

Cheng et al. developed a thermosensitive polymer blend
consisting of chitosan/gelatin/p-glycerophosphate (C/G/GP) as
a sustained drug delivery system for Latanoprost, an anti-glau-
coma drug used for reducing IOP (Fig. 9).** GP is a negatively
charged weak base that could neutralize the positively charged
groups of chitosan. This decreases electrostatic repulsion
while allowing hydrogen bonding and hydrophobic inter-
actions to dominate between polymer chains to impart
thermoresponsive properties.'*'** The C/G/GP polymer blend
was reported to be injectable in its solution form, gels at 37 °C
and showed good in vitro and in vivo biocompatibility. The
in vitro release studies showed that 67.72 + 4.25% of latano-
prost was released in PBS from the C/G/GP polymer over 28
days demonstrating sustained release. Further in vivo studies
done on glaucomatous rabbit eyes showed intravitreal delivery
of latanoprost-loaded (C/G/GP) polymer blend could decrease
ocular hypertension within 8 days to normal IOP.%?

Cho et al. synthesized hexanoyl glycol chitosan (HGC) through
N-hexanoylation of glycol chitosan with hexanoic anhydride to
form a thermoresponsive hydrogel for sustained delivery of

Fig. 5 Microsphere-thermogel DDS. (A) Aflibercept-loaded PLGA microspheres under a microscope. (B) Blank thermoresponsive PEG-PLLA-DA/
NIPAAmM thermogel at room temperature. (C) Aflibercept-loaded microsphere-thermogel DDS loaded into a syringe at room temperature. Reprinted
from ref. 80, used under Creative Commons CC-BY-NC-ND 4.0 license 2020.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Choroidal neovascular lesions (CNV lesions) increase over time for untreated eyes and eyes with blank drug delivery systems. Reduction of
choroidal neovascular lesions with aflibercept-loaded DDS was consistently better than routine intravitreal bolus injection of aflibercept throughout
the study. Reprinted from ref. 80, used under Creative Commons CC-BY-NC-ND 4.0 license 2020.
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Fig. 7 Self-assembly of DDS into hydrogels at physiological temperature and the 2-step mechanism involved in the release of brimonidine into the
tear film (Step 1: Anionic exchange, Step 2: Diffusion of brimonidine through thermogel matrix). Reprinted with permission from ref. 82. Copyright

2017 American Chemical Society.

brimonidine tartrate for lowering IOP.>* The hexanoyl groups
could self-assemble via hydrophobic association to form physical
cross-links with increasing temperature (Fig. 10). The gelation
kinetics of HGC were modified by increasing the degree of hexa-
noylation and controlling the concentration of HGC. HGC at
1.25 wt% with 39.5 + 0.4 degree of hexanoylation could thermogel
at 37 °C and demonstrated good biocompatibility in vitro. In vivo
testing with rabbit eye models showed good preocular retention
and an extended period of lowered IOP for 14 hours after instilla-
tion which was longer than brimonidine tartrate eye drops which
lasted 6 hours.

216 | RSC Appl. Polym., 2023, 1, 204-228

Annala et al. fabricated a unique ABA triblock thermosensi-
tive hydrogel made of PEG with its hydroxyl chain ends modi-
fied with a chain transfer agent for copolymerization with
NIPAM, acrylic acid N-hydroxy succinimide ester (NAS), and
methacrylated dexamethasone via RAFT polymerization.®® The
formed hydrogel could be injected into the vitreous body and
subsequently slowly release intraocular steroid dexamethasone
via hydrolysis of the ester bonds between dexamethasone and
the PNIPAAmM-PEG copolymer chain for delivery to treat ocular
inflammatory diseases like DR and DMO. Variation in NIPAM
composition modulated the gelation kinetics, while NAS was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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incorporated for reaction with cysteamine to incorporate
reversible covalent cross-linking between PNIPAAmM-PEG
chains of the polymer via the formation of disulfide bonds
which imparted self-healing and shear thinning properties to
the polymer for injectability. The complete copolymer denoted
as  poly(NIPAAm-co-NAS-co-mDEX)-PEG-poly(NIPAAm-co-NAS-
co-mDEX)-cysteamine (PNADEX-CA) at 10 wt% was injectable
through a 30-G needle with thermal gelation occurring at
37 °C and passed cytotoxicity and biocompatibility tests.
Through in vitro drug release studies, first-order Kkinetics
release of native dexamethasone was observed in an aqueous
medium at pH 7.4 for over 430 days at 37 °C with minimal
toxic degradation products. The authors utilized software
simulations to demonstrate that an intravitreal administration
of 100 mg of 10 wt% PNADEX-CA (~623 + 32 ng of dexametha-
sone) could maintain the therapeutic range of dexamethasone
in the vitreous for at least 500 days. While further in vivo
testing would be required to test the safety and the release
kinetics in the vitreous, the design and concept of the thermo-
gelling polymer could potentially be used for delivering other
therapeutics of similar nature via methacrylate functionali-
zation for the treatment of various ocular diseases.
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In-vivo study
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injection

A Gelatin- (O Latanoprost

W Chitosan ¢y B-glycerolphosphate

Thermosensitive

Fig. 9 Formation of thermogel via quaternization of chitosan and gelatin and allowing hydrophobic interaction and hydrogen bonding to dominate
and induce gelation with increasing temperature. Reprinted with permission from ref. 83. Copyright 2014 Elsevier.
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Fig. 10 Thermogelation of HGC thermogel due to physical crosslinking mediated by hydrophobic association between the hexanoyl group at

37 °C. Reprinted with permission from ref. 84. Copyright 2016 Elsevier.
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3.3. Vitreous substitutes for post-vitrectomy surgery

Diabetic patients with tractional retinal detachment or severe
vitreous haemorrhage from PDR are treated by performing a
vitrectomy to replace the vitreous body of the retina with a vitr-
eous substitute. The substitute needs to promote retina re-
adhesion to the retinal pigment epithelium and serve as a tam-
ponade agent. At present, clinically available vitreous substi-
tutes include liquids (silicone oil, perfluorocarbon liquids
(PFCL), semi-fluorinated alkanes) or gases (air, SFs, C,Fg)."**
Gaseous substitutes tend to have a low residence time in the
vitreous body and are more often used for intraoperative pro-
cedures that require a temporary tamponade. It also requires
patients to remain face down for an extended duration post-
operation for the tamponade to work on the retina. Liquid sub-
stitutes like PFCL have good tamponading properties but are
toxic to ocular tissues and cells when it is left in the vitreous
for extended periods of time. They are usually replaced with
silicone oil after a few months, which may induce further
trauma to the eye during the removal and re-application of the
new vitreous substitute. Nonetheless, silicone oil and semi-
fluorinated alkanes would also require removal from the vitr-
eous cavity as they would eventually undergo emulsification to
cause retinal inflammation and the development of cataracts
and other complications that could affect visual acuity.'**
Therefore, there is a need to explore alternative materials that
are safe and could last longer than current vitreous substitutes
in the market.®®'>*'**> Therefore, there is a need to explore
alternative materials that are safe and could last longer than
current vitreous substitutes in the market.®®'?*

As the native vitreous mostly consists of collagen and hya-
luronic acid and has viscoelastic properties that resemble
hydrogels, various natural and synthetic hydrogels have been
investigated to develop medium to long-term vitreous
tamponades.®”®® Hydrogels derived from natural biopolymers
tend to have very short residence time and suffer from batch-
to-batch variations which makes them unreliable for clinical
.** Chemically cross-linked synthetic hydrogels are also
not suitable for ocular applications as the monomers used are
toxic to ocular tissues and would usually fragment after being
injected through a small-bore needle, ruining its hydrogel pro-
perties. Current research efforts have focused on robust in situ
physically cross-linked hydrogels that can be injected as a
liquid followed by gelation in response to a physical stimulus,
and which intrinsically possess enough surface tension and
elasticity to provide a long-lasting tamponading force to
support the retina and seal tears post vitrectomy.'>*">® Several
biocompatible thermogels have been reported that meet the
criteria for use as a vitreous tamponade material and would be
as described below.

use

3.4. Thermogels as vitreous substitutes

The multiblock copolymer polyurethane thermogel consisting
of PEG, PPG, and PCL (termed EPC) was fabricated by Liu
et al. and the thermogel formed could also serve as a vitreous
tamponade.®® It could be injected through a 23-G needle in its
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sol state while maintaining its viscosity and surface tension
after forming a gel when administered into the vitreous cavity.
This is paramount as a vitreous tamponade needs to bridge
the retinal break and reappose the detached retina with
enough surface tension through swelling counter-force exer-
tion.®” The optimal polymer concentration of the EPC thermo-
gel was found to be 7 wt%, which yielded an optically clear gel
with a refractive index similar to the natural vitreous. It was
also determined to be a good long-term vitreous substitute,
remaining in the eye even one year after application. EPC also
supported vitreous regeneration in vivo without requiring cells
or drugs to promote the regeneration process. Proteomic ana-
lysis showed that the regenerated vitreous-like body was
similar in composition to the natural vitreous (924 out of 1177
natural vitreous proteins identified). This surprising finding
contradicts the traditional consensus that the vitreous is
unable to reform after vitrectomy and could pave the way in
directing how future hydrogels could be designed as vitreous
substitutes.” A recent study on the EPC thermogel also
showed inhibited retinal scarring post vitrectomy in an in vivo
experimental proliferative vitreoretinopathy rabbit model and
in vitro induced RPE contraction models.®”"*’

EPC thermogels that were lower in molecular weight (M,
25 kDa) were mechanically weak and caused retinal toxicity
after 3 months of implantation in rabbit eyes. The ideal mole-
cular weight range of the copolymers was found to be between
40 to 50 kDa. While higher molecular weight EPC (M,
~75 kDa) are mechanically stronger, they were also found to be
optically opaque upon gelation due to higher hydrophobic
aggregation and the formation of light scattering points. A
hyper-branched EPC-Glycerol (EPCG) was thus fabricated to
limit intermolecular interaction during self-assembly of the
polymeric chains to improve opacity at higher molecular
weights.>® Glycerol was incorporated to impart random
primary and secondary branches in the copolymer. EPCG with
a glycerol concentration of 0.25 wt% similarly formed thermo-
gels at 7 wt% like the linear, lower molecular weight EPCs and
could also maintain optical transparency. In vivo studies
carried out on rabbit eye models showed that the hyper-
branched gel served as a suitable vitreous tamponade that
could naturally biodegrade and clear out of the vitreous after
4 months.

The EPC thermogel was also modified by changing the
polycaprolactone block to a poly[(R)-3-hydroxybutyrate-(R)-3-
hydroxyhexanoate] (PHBHXx) to form an optically clearer ther-
mogel. Xue et al. fabricated a poly(PHBHx-PEG-PPG urethane)
(PHXEP) thermogel,®® where the optical transparency was
measured with changes to PHBHX ratio. At low concentrations
(0.5 wt%), PHXEP had more than 90% transmittance at 37 °C
to 500-600 nm wavelengths. Increasing PHBHX concentrations
(2, 5, 8 wt%) yielded cloudy gels with transmittance levels
lower than 5%. This PHXEP thermogel had sufficient mechani-
cal strength to serve as a vitreous substitute like EPC and was
also biocompatible. In vivo studies using rabbit eyes demon-
strated its ability to retain retinal structure as an endotampo-
nade over a 180-day period while imparting normal IOP.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.5. Cataract from diabetes mellitus

Cataract is an ocular complication that could develop during
the early stages of diabetes. Numerous studies have shown
that diabetic patients are predisposed to five times increased
risk of developing cataracts."”® The pathogenesis of diabetic
cataracts can be ascribed to three main pathways: the polyol
pathway, oxidative stress, and the non-enzymatic glycation of
lens proteins."*>'*° Within the lens, glucose is converted to
sorbitol by the enzyme aldose reductase via the polyol
pathway. Consequently, hyperglycaemia triggers an overpro-
duction of sorbitol, which accumulates intracellularly and
induces a hyperosmotic effect. This results in hydropic swell-
ing of lens fibres that degenerate and form cataracts."*®'3"
Moreover, oxidative stress contributed by excessive generation
of reactive oxygen species in the eye of diabetic patients causes
oxidative damage to lens fibre cells."””®'** Lastly, elevated
glucose levels within the aqueous humour induce non-enzy-
matic glycation of lens proteins. This results in excessive gene-
ration of advanced glycation end products, which form protein
aggregates that precipitate in the lens and cause opacity.">®'**

A cataract is treated with cataract surgery where the catarac-
tous lens is extracted and replaced by an intraocular lens
implant. Modern cataract removal techniques involve phacoe-
mulsification to reduce the incidence of complications
acquired from the surgical procedure.®” Despite this, serious
post-surgical side effects such as endophthalmitis, inflam-
mation, or posterior capsule opacification (PCO) may still
develop.'®* As a precautionary measure, antibiotic ophthalmic
drops must be routinely applied for a week to prevent bacterial
infections and corticosteroids are consistently applied for a
month to suppress inflammation."**>"'*® However, post-operat-
ive care with ophthalmic drops tends to be ineffective due to
the low bioavailability of eyedrops, poor patient compliance,
and poor eye drop administration technique.'®” Furthermore,
the only effective treatment currently available for PCO is laser
capsulotomy, and the procedure exposes patients to post-laser
complications. There are no clinically approved eye drops avail-
able for the treatment of PCO.* Recent studies have unveiled
that thermogels can potentially serve as an alternative drug
delivery medium for multiple therapeutic molecules to provide
effective long-term drug release to the eye by injection into the
anterior chamber of the eye after cataract surgery.™”

3.6. Thermogels for post-cataract surgery management

Cheng et al. formulated a thermoresponsive chitosan-gelatin-
based hydrogel loaded with a broad-spectrum antibiotic, levo-
floxacin.®® Results showed that the formulation undergo sol-
gel transition at 34 °C to form a gel film with an osmolality of
304 mOsm L' within 81.73 s. Drug release studies demon-
strated sustained release of levofloxacin from the thermogel
for over 7 days. Anti-bacterial studies revealed that sustained
release of levofloxacin effectively inhibited the growth of two
common pathogens responsible for post-operative endophthal-
mitis, S. aureus, and S. epidermidis, for at least 7 days. These
results indicate that the levofloxacin-loaded thermogel could

© 2023 The Author(s). Published by the Royal Society of Chemistry
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be applied to ocular surfaces after cataract surgery to provide
antibiotic effects which eliminates the need for intracameral
injections or topical drop application of antibiotics and their
associated risks.

Besides administering antibiotics to prevent potential bac-
terial infections, anti-inflammatory drugs are also adminis-
tered in current clinical treatments after cataract surgeries.
Zhang et al. constructed a thermoresponsive nanocomposite
formulation by incorporating prednisolone acetate-containing
mesoporous silica nanoparticles (MSNs) into a levofloxacin-
loaded thermogel matrix based on PLGA-PEG-PLGA.*” MSNs
act as an additional barrier that impedes the release of predni-
solone acetate (PA) - a steroidal anti-inflammatory drug. In
vitro release profiles were tuned such that a prolonged release
of PA and short-term release of levofloxacin was achieved
within a period of 28 days to adapt to the wound healing rates.
When injected into the rabbit eye via subconjunctival injec-
tion, the nanocomposite thermogel depot provided outstand-
ing antibiotic and anti-inflammatory effects for up to 21 days
with only one-eighth of the initial cargo load of PA and levo-
floxacin. Thus, the nanocomposite thermogel formulation pre-
sents a promising single-dose drug delivery system to adopt
after cataract surgery.

Although steroids reduce ocular inflammation, intraocular
implants often induce elevated IOP. Ocular hypotensive
agents, like beta-blocker levobunolol, can be administered to
regulate IOP. Mohammadi et al. synthesized PLGA microparti-
cles loaded with either levobunolol or dexamethasone and
incorporated them into a thermogelling triblock copolymer
consisting of poly (lactide-co-caprolactone) (PLCL) and PEG.%®
The triblock copolymer PLCL-PEG-PLCL could undergo sol-gel
transition to form a depot when injected into the eye.
Dexamethasone reduces inflammation, whereas levobunolol
relieves IOP increase. In addition, moxifloxacin was directly
encapsulated into the hydrogel matrix. This multi-drug ther-
mogelling delivery platform demonstrated short-term slow
release of moxifloxacin for up to 15 days for its antibiotic
effects. At the same time, the thermogel provided a slower and
prolonged release of dexamethasone and levobunolol for more
than a month. Hydrophobic PLCL blocks in the thermogel
contributed to the prolonged release rates of these bio-
molecules. Moreover, the ocular depot demonstrated the
ability to tailor and optimize the release profiles of three
different therapeutic drugs. This can be achieved by varying
the initial drug load such that the drug dose released can be
tuned while maintaining a constant release rate over time.

Yan et al. designed a different multi-drug thermogelling
drug delivery system to be injected into the anterior chamber
after cataract surgery to form an in situ gel depot that slowly
releases antibiotics, steroids, and anti-PCO agents.®* A
Pluronic hydrogel matrix (26% F127/1.5% F68) was embedded
with dexamethasone, moxifloxacin, and genistein-carrying
mPEG-PLA functionalized nanostructured lipid carriers
(GenNLC) (Fig. 11A). The final thermogelling composite
demonstrated rapid gelation above 32 °C in 20.67 + 0.5 s and
exhibited good transparency of 93.44 + 0.33% to 100% light
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(A) Illustration of the Pluronic hydrogel matrix embedded with dexamethasone (Dex), moxifloxacin (Mox), and genistein-carrying mPEG-PLA

functionalized nanostructured lipid carriers (GenNLC). The incorporation of Mox was coupled with CaCl,. (B) Transmittance of drug delivery systems
with (purple) and without (blue) the thermogel. (C) Cumulative release of Mox (blue), Dex (red) and Genistein (yellow) from the thermogel for up to
40 days. Reproduced from ref. 89, used under Creative Commons CC-BY license 2021.

transmittance (Fig. 11B). Within 10 days, moxifloxacin was
completely released from the depot (Fig. 11C). Meanwhile,
dexamethasone experienced a burst release profile in the first
week, followed by a sustained release for 30 days (97.14 +
3.38%), owing to the increase in crosslinking density provided
by the addition of calcium ions. Simultaneously, genistein was
gradually released at a decreasing rate with a cumulative
released amount of 63.35 + 2.49% by day 40. In vitro studies
revealed that the thermogel was able to effectively inhibit the
proliferation, migration, and epithelial-mesenchymal tran-
sition of lens epithelial cells (SRA 01/04) in a dose-dependent
manner. Taken together, this multi-drug release thermogelling
depot potentially not only eliminates the need for post-operat-
ive application of ophthalmic drops, but also reduces posterior
capsular opacification.

3.7. Dry eye disease from diabetes mellitus

DED is another common ocular complication that occurs in
up to 54% of the diabetic population and its pathogenesis is
rather multifactorial."®® Chronic hyperglycaemia in diabetes
contributes to several risk factors for DED, such as diabetic
periphery neuropathy, reduced insulin levels, micro-vasculopa-
thy, and systemic hyperosmolarity. These factors can induce
lacrimal functional unit (LFU) dysfunction, abnormal tear
dynamics and tear film dysfunction, which results in DED.
Various proteins that are upregulated due to chronic hypergly-
caemia have also been demonstrated to be implicated in the
pathogenesis of DED. They include advanced glycation end
product modified proteins, immune-inflammatory regulatory
proteins, and LFU dysfunction-related proteins."*’

Typically, patients with DED experience symptoms like
compromised vision, irritation, and ocular pain, which reduce
their quality of life."** In current clinical practice, topical
application of eye drops is the gold standard intervention for
DED as it is non-invasive and simple to perform. Nonetheless,
as previously mentioned, any drug delivered via eye drops
suffers from low bioavailability as they are rapidly cleared via
tear dilution and the lacrimal drainage system."*' As such, fre-
quent application of eye drops is required to maintain the
therapeutic concentration of the drug to alleviate DED.

220 | RSC Appl. Polym., 2023, 1, 204-228

Various thermogels have thus been developed to improve exist-
ing treatments for DED.

3.8. Thermogels for dry eye disease management

Luo et al. designed a long-acting mucoadhesive thermogel for
the effective pharmacological treatment of DED.?® They first
synthesized thermoresponsive copolymers that are bio-
degradable by grafting PNIPAAm to gelatin (GN).
Subsequently, the copolymer was modified with lectin Helix
pomatia agglutinin (HPA) as a mucus-binding component.
Finally, the thermogel formulation was loaded with epigalloca-
techin gallate (EGCG), which is a potential therapeutic agent
for DED that elicits antioxidant and anti-inflammatory effects.
Since the mucoadhesive property of the gel allows for strong
adhesion to carbohydrates on the mucus layer of the tear film,
the EGCG-loaded GN-HPA thermogel was able to form a stable
drug delivery depot when injected in situ with prolonged resi-
dence time. Based on in vivo tests in a rabbit model of DED, a
single-dose topical application of the EGCG-loaded GN-HPA
thermogel onto the conjunctival sac provided sustained
release of EGCG for over 14 days and efficaciously repaired
corneal epithelial defects.

FK506-loaded ocular adhesive thermogels based on
PEG-PPG copolymers modified with monofunctional poly-
hedral oligomeric silsesquioxane (MPOSS) have also been
shown to be effective in alleviating DED in mice models
(Fig. 12A).°" FK506 is a hydrophobic macrolide immunosup-
pressant that is used in current clinical practice to relieve dry
eyes, but it is highly hydrophobic with poor water solubility. By
incorporating MPOSS blocks into the thermogelling copoly-
mer, the water solubility of FK506 improved. In addition,
MPOSS blocks contributed to the greater binding affinity of
the thermogel to mucin, which enhanced their adhesion to
the ocular surface. This allows the drug to retain on the ocular
surface for extended periods of time (Fig. 12B) and thus,
improving the resolution of dry eyes (Fig. 12C). Infiltration of
CD4" T cells in the conjunctiva is usually a characteristic of dry
eyes. Unlike other commercialised formulations of FK506 eye
drops, in vivo experiments found that the treatment of dry eyes
with FK506-loaded MPOSS-PEG-PPG thermogel was the most

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with FK506. Reprinted from ref. 91, used under Creative Commons CC-BY-NC-ND 4.0 license 2022.

effective in suppressing CD4" T cells infiltrating the conjunc-
tiva (Fig. 12D). Therefore, these findings showed that the
addition of POSS blocks is promising for the development of
thermogelling depots for the effective treatment of dry eyes.
Topical application of insulin is promising to promote
corneal healing and reduce lesions in the lacrimal gland to
prevent subsequent development of DED. Since most ophthal-
mic eye drops are ineffective to treat DED due to their poor
bioavailability, Cruz-Cazarim et al. incorporated insulin-loaded
chitosan microparticles (INS@CMP) into a thermogelling chit-
osan-poloxamer dispersion (C/P407) to improve the bio-
availability of insulin delivery to the ocular surface and lacri-
mal gland.®®> Because of chitosan’s mucoadhesive properties
and penetrative abilities, chitosan microparticles can enable
the slow release of insulin while minimizing immediate
metabolism. In addition, by incorporating insulin-loaded chit-
osan microparticles into chitosan-poloxamer thermogels, the
residence time of the gel depot formed on the ocular surface
can be prolonged. As a result, in vivo studies revealed that dia-
betic rat dry eye models experienced an improvement in tear
secretion by 77% within 5 days when instilled with the compo-
site thermogel. In comparison, a lower tear secretion of 54%
by day 5 was obtained when an aqueous solution of insulin
was applied. After 15 days, no traces of insulin were found in
the lacrimal gland and eyeball when treated with an aqueous
solution of insulin, whereas significantly higher insulin con-
centration was detected when treated with INS@CMP/C/P407
as opposed to treatment with INS@C/407 and INS@CMP.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Overall, results showed that leveraging INS@CMP/C/P407 for
insulin delivery had restored tear fluid volume and corneal
thickness to healthy levels, protected corneal cell mor-
phologies, and enhanced ocular bioavailability of insulin.

For moderate or severe cases where lubricating eye drops
and gels are ineffective in alleviating DED, lacrimal drainage
system occlusion is an alternative solution that extends the
lubricant effects and preserves natural tears. Lin et al. pre-
pared a thermogelling solution based on hydroxybutyl chito-
san (HBC) for intracanalicular injection.”® It can be easily
injected into the lacrimal drainage system without spatial
restrictions, which rapidly gel at physiological temperature
into a resilient hydrogel that conforms to an individual’s duct
shape and functions as an absorbable intracanalicular plug
(Fig. 13A). Moreover, the reduction in volume experienced by
the HBC plug upon its sol-gel transition allowed the partial
function of tear flow to be retained. Results showed a signifi-
cant drop in flow flux of 76.9% occurring 10 minutes upon
HBC injection and the effects of the HBC plug were sustained
for over 4 weeks. Besides remarkable improvement in tear
secretion observed in rabbit dry eye models (Fig. 13B),
substantial improvement in ocular surface disease index
(Fig. 13C) and tear break-up time (Fig. 13D) was reported from
a pilot human trial with good compliance and no severe side
effects.

Notably, inflammation is pervasive among patients with
DED due to the continued activation and infiltration of patho-
genic leukocytes into their ocular surface tissues. Accordingly,
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(A) Thermogelling solution of HBC was administered via intracanalicular injection and gel to form a hydrogel plug at physiological tempera-

ture. (B) Phenol red thread test with rabbit dry eye models showed significant improvement in tear secretion of the HBC group as compared to the

control group. *Indicates p < 0.05 compared to the control group. Upon

HBC injection, a pilot human trial reported improvements in (C) ocular

surface disease index and (D) tear break up time was reported from a pilot human trial. *Indicates p < 0.05 compared to the baseline. Reproduced

from ref. 94 with permission from the Royal Society of Chemistry 2018.

treatment regimens for DED should also address potential
adverse inflammatory responses. For this reason, Nguyen et al.
developed a long-acting therapeutic thermogel with extended
anti-inflammatory and corneal-protective effects.”> To syn-
thesize the thermogel, sulfated hyaluronic acid (sHA) was con-
jugated with amine-terminated PNIPAAm via EDC-NHS coup-
ling. Owing to HA’s strong dehydration resistance, potent anti-
inflammatory effects, and good biocompatibility, HA was
chosen for its therapeutic properties that can protect the
corneal epithelium and ocular surface in addition to stabiliz-
ing the tear film in DED. Given that selectins are cell adhesion
molecules that mediate leukocyte recruitment, functionalizing
HA with selectin-binding groups, like sulfates, encourages
strong electrostatic interactions with amino acid residues in
selectin, perturbs binding affinity with cells in tissues and
thereby inhibits selectin-mediated leukocyte infiltration. When
the sHA-PNIPAAm copolymer was applied to the ocular
surface, the solution transformed into a gel with prolonged
residence time. Correspondingly, in vivo studies using rabbit
dry eye models with a one-time topical application of the ther-
mogel demonstrated ~99% repair of corneal epithelial defects,
prevention of cellular apoptosis with ~68.3% cells recovered,
and suppression of ocular surface inflammation by 4 folds
within 7 days. Taken together, this thermogel presents great

222 | RSC Appl. Polym., 2023, 1,204-228

promise as an efficient therapeutic agent that harnesses a
unique approach of not only topically treating DED, but also
mitigating potential inflammation mediated by leukocyte infil-
tration in DED.

4. Conclusion

Among the various types of physically crosslinked hydrogels,
thermoresponsive hydrogels are particularly attractive for bio-
medical applications due to their ease of application, in situ
gelation at physiological temperatures, high biocompatibility
and tailorable properties. Over the past few decades, plenty of
research studies have convincingly demonstrated the ability of
thermogels to be utilized as drug depots for sustained drug
delivery, vitreous substitutes, shape-conformable implants
such as punctal plugs, and long-acting therapeutics.
Translating thermogels into clinical settings could undoubt-
edly be a valuable and transformative factor in helping dia-
betics manage ocular diseases to which they are often predis-
posed. However, these research studies are in its infancy. In
the ongoing development of thermogels, there are limitations
that must be addressed to fully harness the potential of this
valuable technology for clinical studies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Thermogels have specific material requirements pertaining
to each ophthalmic application they serve. For vitreous substi-
tutes, achieving a balance between the gel’s storage modulus
and its opacity is imperative to ensure its suitability as a vitr-
eous tamponade. This balance can be achieved by adjusting
the molecular weight of the thermogelling polymer due to its
influence on the physical and mechanical properties of the
thermogel. In addition, the presence of multiple supramolecu-
lar interactions that existing injectable thermogels rely on also
contributes to the physical and mechanical properties of the
thermogel. However, the presence of these supramolecular
interactions within thermogelling drug delivery depots can
sometimes introduce complications in the delivery of thera-
peutic cargo. As therapeutic modalities expand beyond low
molecular weight drugs to include nucleic acids, peptides, pro-
teins, and antibodies, it is important to recognise their diverse
physicochemical properties.** On that account, controlling
drug release profiles in injectable thermogels becomes a sig-
nificant challenge in the development of ophthalmic drug
delivery systems. Overcoming this challenge requires translat-
ing materials research into real-life applications by taking
external factors, such as drug incorporation and drug-polymer
interactions, into consideration. These factors could influence
the overall material structure, properties, and interactions with
the drug, ultimately modifying drug release kinetics and thera-
peutic outcomes. Furthermore, formulation scientists need to
tackle several other challenges related to the initial viscosity of
the thermogel, biodegradability, sterilisation methods, storage
conditions and ensuring long-term intraocular safety.

To date, there are no thermogels that have either been used
clinically or undergoing clinical trials for ophthalmic appli-
cations. Nevertheless, various researchers are progressing their
work on thermogels for ophthalmic applications towards clinical
trials. Vitreogel® is a biodegradable thermogel that functions as a
long-term vitreous substitute and prevents scarring of the retina
as a result of failed retinal detachment repair surgeries. While the
innovators of Vitreogel® are motivated to obtain regulatory
approval from the Food and Drug Administration in the United
States and Conformite Europeenne (CE) marking in Europe
before advancing Vitreogel® to clinical trials in the next few
years, they continue to evaluate the efficacy and safety of their
thermogel using additional pre-clinical disease models."*>*** At
the same time, they are also establishing a manufacturing
process to allow for polymer production at a large scale under
current good manufacturing practice (cGMP) guidelines."** In
most pre-clinical studies, formulation scientists often work with a
small-scale synthesis of their thermogelling copolymers. To
develop a large-scale production process for GMP production of
thermogels for ophthalmic applications, several challenges, such
as reproducibility, long-term stability, and batch-to-batch vari-
ations, need to be overcome by investing in time and advanced
manufacturing technologies. Therefore, with continuous progress
in thermogels for ophthalmic applications and the pursuit
towards clinical application, we are assured that the emergence of
a clinically-approved thermogel for the management of diabetic
ocular diseases is just a matter of time.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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