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Research Progress of Hydrogel in Eye Diseases Treatment
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Immunotherapy, School of Pharmaceutical Sciences, Shanghai Jiao Tong University, Shanghai 200240)

Abstract: Eye diseases are prevalent worldwide and have become a major threat to visual health.
However, due to the complex anatomical structure and physiological barrier in the eye, resulting in low
drug bioavailability and struggle to achieve ideal therapeutic effects. Hydrogels, as a kind of hydrophilic
polymer materials, have shown great potential in the field of ophthalmology in recent years due to their
excellent biocompatibility, controllable physical and mechanical properties, and the characteristics of
prolonging drug retention and slow release. This article systematically reviewed the research progress
of hydrogel in the treatment of eye diseases in recent years, focusing on its various application forms,
including hydrogel eye drops, injectable hydrogels, hydrogel contact lenses, hydrogel microneedles, and
hydrogel implants. The preparation and optimization of hydrogel implants were summarized from the
aspects of crosslinking mode, structural design, and functionalization strategies. On this basis, combined
with infection and inflammation, wound healing and tissue repair, eye neovascularization, cataract,
glaucoma, dry eye and other common diseases, the mechanism of action and application value of hydrogel
were systematically combed. In conclusion, this review not only summarized the research hotspots and
latest achievements of hydrogels in ophthalmology, but also provided reference and enlightenment for
clinical transformation and personalized design of hydrogels in the future.
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Figure 1 Illustration of hydrogel applied to the treatment of

ocular diseases (Created with BioRender.com)
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Figure 2 (a) Schematic illustration of the fabrication process for multifunctional hydrogel eye drops and the synergistic
approach to treating uveitis through anti-oxidative and anti-inflammatory strategies (Reprinted with permission from Ref. [22];
Copyright (2023) American Chemical Society); (b) Schematic Illustration of the preparation of F127-OSA thermosensitive
hydrogel eye drops loaded with bone morphogenetic protein 4 (BMP4) and its function in promoting drug release and inhibiting
corneal neovascularization (Reprinted with permission from Ref. [23]; Copyright (2024) The Authors; Published by Elsevier
Ltd.); (c) Schematic illustration of the preparation and its anti-inflammatory and antioxidant effects on the ocular surface via the
SP/NKIR pathway, which stabilizes the tear film and promotes corneal epithelial repair in mice with dry eye disease (Reprinted
with permission from Ref. [28]; Copyright (2025) The Author(s); Advanced Science published by Wiley); (d) Hybrid dendrimer
hydrogel/nanoparticle platform (HDNP); nanoparticles loaded with brimonidine and timolol maleate were entrapped in the
dendrimer hydrogel by subjecting the dendrimer-PEG acrylate to UV light in the presence of photoinitiator (Reprinted with
permission from Ref. [36]; Copyright (2012) American Chemical Society).
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Figure 3 (a) Schematic illustration of the formation of QD Lipo/ICG/LAgel and the mechanism of NIR-triggered synergistic
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chemo-photothermal therapy of retinoblastoma adjuvated by QUE after intravitreal administration. QUE: quercetin, DOX:
doxorubicin, ICG: indocyanine green, QD Lipo: QUE and DOX co-loaded liposomes; LAgel: low-gelling temperature agarose
hydrogel (Reprinted with permission from Ref. [65]; Copyright (2025) Ivyspring International Publisher); (b) Schematic
illustration of the synthesis of polydopamine loaded curcumin photocrosslinked gelatin modified hydrogel and its therapeutic
mechanism in vivo retinal optic nerve injury model (Reprinted with permission from Ref. [70]; Copyright (2024) The Authors.
Advanced Science published by Wiley); (c¢) Synthesis for OcuPair adhesive hydrogel components (D-MA and HA-MA),
70:30 mixing ratio of HA-MA and D-MA resulted in a transparent viscous solution and upon photo-crosslinking for 90 s yielded
transparent, flexible, and sticky hydrogels (Reprinted with permission from Ref. [72]; Copyright (2025) The Author(s). Advanced
Science published by Wiley)
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4 (a) “LEWIIEYE” TV BT IR B I A A 1R % A PR A A & e 82 B (2025 American Chemical Society i
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[t (NTPAM) GO FH AT A% B 2R 10 W JE2 2H B 8 s 0 UL K A B 3 i 80 A IR D' A [ 1 7K s 30 21 A0 I 38 3
P2 2R FRRE T, R a3 B ) R AT 2 PR 3883 5 54 2 07 10 R B, SR AR S BOR S HH S RO AZ B R A AR T ROR B
RN PERIRET 45 25#E°7) (2024 BioMed Central Ltd ALY H); (c) PNAGA-PCBAA — ik B 53 F-45 1) AUHEAS
TR DO 248 K% S JoE /I AR 0 T FRR R 4 SR A W R PR A A BB k5 AR A N S R Fry it 2 2 107) (2018 The Authors.
Published by WILEY KAi4- 1)

Figure 4 (a) Synthesis route of bioactive therapeutic contact lens and its application in rapid corneal repair (Reprinted with
permission from Ref. [89]; Copyright (2025) American Chemical Society); (b) Schematic diagram of the use of responsive
porous microneedles with riboflavin ocular microinjection capability for corneal collagen crosslinking. Comprised of N-isopropyl
acrylamide (NIPAM), graphene oxide (GO), and riboflavin-loaded gelatin, these microneedles enable precise delivery of
riboflavin into the cornea. A photothermal-responsive hydrogel regulates riboflavin release upon near-infrared light stimulation,
facilitating targeted and controlled delivery; this microinjection technique demonstrates superior riboflavin delivery and treatment
efficacy compared to conventional methods, with minimal invasiveness and precise administration (Reprinted with permission
from Ref. [97]; Copyright (2024) BioMed Central Ltd); (c¢) Schematic illustration of the molecular structure of PNAGA-PCBAA
binary copolymer, hydrogen bonding crosslinked network and injection of the formed supramolecular polymer hydrogel via a
small gauge needle into rabbit’s eyes as a vitreous substitute (Reprinted with permission from Ref. [107]; Copyright (2018) The
Authors; Published by WILEY)
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Table 1 Examples of recent researches on hydrogel in the treatment of ocular diseases
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CDC42.FRS2,.CTGF.EGFR H MMP9 S I /5 b f2 AR i)iE % . il miRNA 24-3p #2141 ADSC A7 AE S MB A 3RAS
i) Exos-miRNA 24-3p, 0] 744 P 4 #F 1 JiE b Jz 495 11 (& & ; THH-3/Exos-miRNA 24-3p i@ 1T H] & & miRNA 24-3p [ /i
PRI REAL B REE W TR IR KL (THH-3) 543, JLAEVR TR RE 1 G 6L L B Bl e 2 Hjﬁuﬁﬁ’lﬂkﬁx&%“m (2022
The Authors; Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. B 7]); (c) & T & F-5"- Hfigk
Tk 1) G-DU%E k5 22 A B 23t 0 vl M TV R AR GT BRI PR IR 40 B 1 A 26 (7 2 1102 (2022 The Authors;
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. ALY A]); (d) pH M 5 2 A VE 5 7K S 1) o)
2R 7 2% 1142 (2024 American Chemical Society FURL VR AT

Figure 5 (a) Illustration of the self-assembly of MPEP in water, in situ hydrogel formation and drug release (Reprinted
with permission from Ref. [120]; Copyright (2021) The Authors. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd.); (b) The mechanism of miRNA 24-3p and ADSC-derived exosomes regulating cell migration and its

application pathway and potential in corneal epithelial defect. MiRNA 24-3p and ADSC-derived exosomes accelerate corneal
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epithelial cell migration by up-regulating CDC42, FRS2, CTGF, EGFR and MMP9 in this study. Exos-miRNA 24-3p obtained
by modifying ADSC-derived exosomes with miRNA 24-3p can prompt corneal epithelial wound repair in vivo; THH-3/Exos-

miRNA 24-3p is obtained by functionalizing THH-3 with miRNA 24-3p-rich exosome, it showed an excellent repair effect in the

treatment of alkali burned rabbit corneal epithelial defect models (Reprinted with permission from Ref. [128]; Copyright (2022)
The Authors; Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.); (c) Illustration of GT Gel
formation via electrostatic interactions between GMP-based G-quadruplex and tobramycin for the treatment of bacterial keratitis
(Reprinted with permission from Ref. [52]; Copyright (2022) The Authors. Publishing services by Elsevier B.V. on behalf of

KeAi Communications Co. Ltd.); (d) Schematic diagram of the preparation and application of the pH responsive injectable
hydrogel (Reprinted with permission from Ref. [142]; Copyright (2024) American Chemical Society)
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Figure 6 (a) An intravitreal injectable hyaluronan microgel-embedded gelatin hydrogel was developed to achieve reduced
initial burst release and long-term delivery of ranibizumab (RBZ). It exhibited intravitreal ranibizumab delivery for 120 days with
biodegradability (Reprinted with permission from Ref. [152]; Copyright (2024) Shenyang Pharmaceutical University. Published
by Elsevier B.V.); (b) Administration of Gel 2 1&Eylea for the treatment of corneal neovascularization.The pharmacological
mechanism of Eylea is based on its high affinity for VEGF, including VEGF-A, VEGF-B, and PIGFE.T his binding event prevents
subsequent binding and activation of native VEGFR1 and VEGFR2, leading to decreased angiogenesis and vascular permeability.
Besides, Gel 2_1&Eylea eyedrops have molecular structures of cell penetrating peptide 1 and self-assembling peptide 2 (Reprinted
with permission from Ref. [154]; Copyright (2023) Wiley)
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