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ABSTRACT

treatment of ocular diseases, due to the special physiology and anatomy of this

organ, an appropriate drug delivery strategy has not yet been achieved. New
ocular drug delivery systems (DDSs) have been designed to achieve long-term
therapeutic levels. Hydrogels have been widely used in drug delivery systems due to
their unique properties. In situ gelling hydrogels are one of the important materials
used for ocular DDSs. The use of in situ hydrogels through site injection reduces
the risk of complications associated with invasive surgical procedures, making it a
safer option for ocular drug delivery. Also, in situ gelling hydrogels have the ability
to undergo phase transition in ocular tissues and change from liquid to viscoelastic
gel state, which can prolong the shelf life of drugs and improve their bioavailability
in ocular tissue. Polymers are the main raw materials for the preparation of in situ
Keywords: gelling hydrogels. Natural polymers have been widely studied and investigated in
ocular DDS due to their biodegradability and biocompatibility. Polymers are the main
raw materials for preparing in situ gelling hydrogels. Common natural polymers
for hydrogel preparation include chitosan, starch, alginate, fibrin, collagen, gelatin,
hyaluronic acid and dextran. This paper aims to review and discuss the recent
development of in situ gelling hydrogels based on natural polymers as advanced
ocular DDSs. This review also summarizes various in situ gelling ocular hydrogels
responsive to different stimuli such as temperature, pH, and ion. Also to achieve a
deeper understanding of in situ gelling hydrogels’ potential as a new ocular treatment
option, their biocompatibility and biodegradability will be discussed in ocular DDSs.
Considering the special advantages of nanotechnology in DDSs, the combination of
ophthalmic hydrogels with nanotechnology as well as available commercial hydrogels
will be briefly discussed.

In the field of ophthalmology, despite the existence of various drugs for the
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Fig. 1. The anatomy of the ocular system and its physiologic and biologic barriers [1].
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Table 1. Summary of cross-linking reactions of complementary groups [34].

Entry Reaction Complementary groups Conditions
Alkyne + azide Cu(I), aqueous
. ) Alkyne + azide Aqueous, 37°C
1 Click reaction - -
Oxanorbornadiene + azide Aqueous, 37°C
Cyclooctyne + azide Aqueous, 37°C
Maleimide + thiol Aqueous, 37°C
. . Vinyl sulfone + thiol Aqueous, 37°C
2 Michael addition -
Acrylate + thiol Aqueous, 37°C
Methacrylate + thiol Aqueous, 37°C
Alkene + thiol Aqueous, 37°C
3 Thiol-ene/yne coupling Norbornene + thiol Photo, radical catalyzed
Alkyne + thiol -
Furan + maleimide Aqueous, 37°C
4 Diels-Alder reaction Tetrazine + norbornene Aqueous, 37°C
Tetrazine + trans-cyclooctene Aqueous, 37°C
. . Thiol-thiol Aqueous, H O
5 Disulfide formation/exchange - - - 22
Pyridyl disulfide + thiol Aqueous, 37°C
Epoxide + amine Aqueous, 37°C
6 Epoxide coupling Epoxide + hydroxyl Acidic or basic
Diepoxide + amine Aqueous, carbon black
Aldehyde + amine Aqueous, 37°C
7 Schiff-base formation Aldehyde + hydrazide Aqueous, 37°C
Aldehyde + hydroxylamine Aqueous, 37°C
Amine or hydroxyl + acid derv. Aqueous, 37°C
Condensation Amine or hydroxyl + isocyanate DMSO, 35°C
8 Boronic acid + amine/hydroxyl Aqueous, pH=4.8
Genipin coupling Amines + genipin 0.1 M Acetic acid, 4°C
Photo-induced crosslink Alkenes UV, photoinitiator
Azide + ester derivative of
Staudinger-ligation ) ) Aqueous, BaCl,, 37°C
9 triphenylphosphine
Tetrazole-photoclick Alkene + tetrazole Aqueous, UV light
Quadricyclane-ligation Quadricyclane + Ni bis(dithiolene) Aqueous, pH=4.5
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ible sol-gel transition of HM-HPMC/CD hydrogel and (b)
reversed flowability change of HM-HPMC/a0-CD hydrogel
upon heating and cooling (reprinted with permission from

Ref. 59. Copyright 2017, American Chemical Society).
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Fig. 4. Chemical structures of polymers used for hydrogel
preparation: (a) natural and (b) synthetic [84].
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Fig. 5. Schematic diagram of NLC loaded with quercetin/hydrogel crosslinked by genipin hybrid drug delivery system (QN-NLC-

Gel-GP) (reprinted with permission from Ref. 95. Copyright 2020, American Chemical Society).
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Fig. 6. Schematic illustration of the CS-DAS hydrogel formulation process (reprinted with permission from Ref. 96. Copyright

2022, Elsevier Ltd.).

Sbadissde ol Ol lastl Coan 5 B0 Gl b))l
s o Ol 5ol el Ol e g5 (Sl B lans 5
(TM) <l Jydgos ARLST 3laslsl L) wale 5o
sadsl bl 5o mpe Gle) o SISUS Jhe )l Olsew
Al s sls ol ais G sk 53 15 als b b s,
Slosls 48 Olsew Ol 1) abana s J3sde S
s 5 bV SS s S R eSS Ol sl Llls
Ao e DL 1 a3 ssde opl (s5lweslal
Dk s ol mS ol o1 Jiasde [ OLs 5 55
Lols e $ Dl S e 5 PGP L sdimSol (4SS
2 e I3 JSES eld e ey S Lol glaasly alul
5ash S a8 i 1ol 0L (G55 s 5 Ll
5 ale sloes S ol 31 olabl (ol s blin b5,
S5 s Som inl 051 S ealinad OT S
Slreos S 5 s Ol (ol S s (i
Al ey b S ol Wi maw lrle gLl

Dex o sle inle s 5 Js WBLev Jils, s, J3soks slapks
S5 b b Lev Lot g 10800 J3sstes lagkd sl Ol
sl Ol ol St e Slady s 5o (681 S Dles sl
Lild 0 g8 Ll clld Jisode Glapkd (romen
sddastle J3aoder old (S oba Lsls Ol sl
ol S S e Loe 6l Syl Sble Olyes &S
2L Jos 3l e el sl Oleys Sl s sel oS,
Biosder anms Sln 1 ol 3 500, [YF] OLea 5 5l5SL
OLad5 5 @Eslearl e S5y L LS @ el Sl
rl o3 s S OIS OlesiS g psSAS Ol ol b
St ge b ki sslial s iSU5 el Olsise B-GP 51 1S
Doty 5 55 Jsbme oS Glales 55 5 Jpems glos 5o sliasla
Sl b dd Las YVOC 5 Blad Jsdes 4 adds S
Sl S e O3asdes 035530 ol Ol (S35, 5 2bS
Ld3ssdes ol cmzmen b3 (Rl530 1 d3ssdes ol S sl
Al 0L (g i ol Lot 5 o e el Ll
OA?

V&Y il gyotg F 0 )losh auludig o JUw osly $I919iSS 9 pole (sole dlxo



w2350 (9IS (133 233y pS i) S posks A3l 33 0 339uU5 1) S SS9 3ud 23 SI9 00

Protonated HTCC chains M

in acidic solution

OH cr OH
O CH,CHCH— N*—¢ 0
o~ Y L Y o
NH, Ho NH ?Hscr
Chitosan @——» !’:Hz(leCHz_ rlq»_ CHy
OH CHy
HTCC

B-glycerophosphate

Sodium hydrogen carbonate

Hydrophobic
HTCC intcractions

The formed HTCC/GP hydrogel (transparent)
in comparison with CS/GP hydrogcl (opaquc)
at 37°C

Topically
administration of
thcrmoscnsitive
solution as eye drop

+ Gelling
agents

4 &
T=37°C
Sol-gel
transition

S ps Glp et Sleosnls dlile Olpea Db Jd s Lol 08,0 b 4 ule Joodes 4 Jlie 51 b -V IS

[YY] 2o5e

Fig. 7. Schematic of preparation stages for timolol maleate-loaded thermosensitive hydrogel as an ocular drug delivery system for

topical administrations (reprinted with permission from Ref. 24. Copyright 2020, Elsevier B.V.).
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| PHYSICAL CROSSLINKING |

| CHEMICAL CROSSLINKING |

In-situ thermoresponsive
hydrogel

Ocular drug delivery

Diels alder
crosslinks

DIV el Slesals sl s & 5Sseuly Diels-Alder sdicnds sladssds s —A S
Fig. 8. Synthesis of thermo-responsive Diels-Alder stabilized hydrogels for ocular drug delivery (reprinted with permission from

Ref. 121. Copyright 2023, Elsevier B.V.).
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Table 2. Some examples of in-situ gelling systems based on natural and synthetic polymers in ocular drug delivery.

Model drugs Polymers Major finding Ref.
A sol-gel at 33.2 £1.1 °C controlled release of drug over a
Brinzolamide Poloxamer F127 and carbopol 934P [78]
period of 8 h.
In vivo evaluation in rabbits exhibited improved retention
Pluronic (PF-127 and PF-68) and
Ofloxacin performance of 20% (w/w) Pluronic F127 compared to [124]
sodium alginate
Pluronic F68.
Ketorolac Improved its ocular availability and prolonged its residence
Pluronic F-127 HPMC K4M [125]
tromethamine time.
Showed promising antimicrobial activity in vitro and in
Sparfloxacin Pluronic (PF 127 and PF 68) [126]
Vivo.
The in vivo ophthalmic absorption was superior to the
Fluconazole Poloxamer/tween/carbopol [127]
conventional eye drop.
Pluronic F127, Pluronic F68 and
Lomefloxacin Revealed a sustained release profile of 8 h. [128]
sodium alginate
Poloxamer 407 and poloxamer
Methazolamide Had a better ability to retain drug than the eyedrops. [129]
P188
The bioavailability of diclofenac sodium in aqueous humor
Diclofenac sodium Pluronic F127 [130]
was significantly increased.
Better pharmacological effect, faster onset of action, and
Dorzolamide
Poloxamer 407 and Poloxamer 188 prolonged effect relative to either drug solution or the [131]
hydrochloride
market product.
Better stability, ocular bioavailability, and sustaining drug
Baicalin Carbopol 974P with HPMC E4M [132]
release compared to commercial baicalin eye drops.
Calcium alginate with HPMC K4M
Ciprofloxacin Added benefits of sustained drug release. [12]
and ES0LV
Sufficiently mucoadhesive, antibacterial activity, and free
Norfloxacin Carbopol 934P [133]
from ocular irritancy.
Timolol maleate Carbopol and chitosan Showed a controlled type of release over 24 h periods. [134]
Increased efficacy and reduced systemic absorption of
Brimonidine Carbopol 974 P and HPMC E4M [135]
brimonidine tartrate.
Carbopol 940 combined with HPMC
Gatifloxacin Provided sustained drug release over an 8-hour period. [136]
and HPMC K15M
Showed an increase in precorneal residence time, ocular
Moxifloxacin Carbopol/HPMC [137]
bioavailability.
Higher ocular bioavailability and extended residence time in|
Gatifloxacin Alginate with HPMC [138,139]
aqueous humor than conventional ophthalmic solutions.
HPBCD complexed gellan gum and Showed effective control of fluconazole release and good
Fluconazole [140]
Kcarrageenan bioadhesive properties.
Enhanced therapeutic efficacy and more extended
Gellan gum with xanthan gum, HPMC
Acetazolamide intraocular pressure lowering effect compared to that of [141]
or carbopol.
marketed eye drops and oral tablets
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Terbinafine Significantly higher prolonged mean residence time and
Gellan gum [142]
hydrochloride increased bioavailability
Antisense The greatest reduction in wound size, the least stromal
Gellan gum and carrageenan [143]
oligodeoxynucleotide edema and hypercellularity
Rapid gelation upon raising pH to 7.4, in vitro sustained
Sparfloxacin Sodium alginate and methylcellulose drug release over period of 24 h, significantly enhanced [78]
corneal permeation.
Carboxymethyl chitosan (CMC) and The gelation temperature of 32-33 °C and retarding the
Nepafenac [79]
poloxamer drug diffusion rate was observed
Levofloxacin Sodium alginate and chitosan A better retention time was observed. [144]
Enhanced transcorneal drug permeation and prolonged the
Timolol Chitosan with gellan gum [145]
retention at the corneal site
Improved therapeutic efficacy and offers sustained release
Ciprofloxacin Carbopol/HPMC and Poloxamer [146]
of the drug over an 8 h period
Extended mean residence time and improved (2.54-times)
Loteprednol Poloxamer 407 and 188 [147]
bioavailability compared to the marketed formulation.
Cyclosporine A Deacylated gellan gum Showed 3-fold greater bioavailability [148]
Higher permeation, longer precorneal residence time and
Acetazolamide Carbopol 934 sustained release of the drug along with improved in vitro [149]
efficacy.
Significantly enhanced preocular retention and ocular
Curcumin Poloxamer 188 and 407 [150]
permeation capacity.
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