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A B S T R A C T   

Hydrogel presents a three-dimensional polymer network with high water content. Over the past decade, hydrogel 
has developed from static material to intelligent material with controllable response. Various stimuli are 
involved in the formation of hydrogel network, among which photo-stimulation has attracted wide attention due 
to the advantages of controllable conditions, which has a good application prospect in the treatment of 
ophthalmic diseases. This paper reviews the application of photo-crosslink hydrogels in ophthalmology, focusing 
on the types of photo-crosslink hydrogels and their applications in ophthalmology, including drug delivery, tissue 
engineering and 3D printing. In addition, the limitations and future prospects of photo-crosslink hydrogels are 
also provided.   

1. Introduction 

Ocular diseases significantly impact patients’ quality of life, drawing 
considerable attention from researchers in ophthalmology therapeutics. 
Currently, ophthalmic innovation therapeutic products are mainly 
concentrated in the field of ocular surface and fundus. The generalized 
ocular surface includes cornea, conjunctival and lacrimal glands, 
accessory lacrimal glands, meibomian glands, and related eyelid struc-
tures; Fundus refers to the bottom of the posterior segment of the eye, 
including retinal, choroid, optic nerve head, macula, arteriae and venae 
centralis retinae, among others [1,2]. The homeostasis of the ocular 
surface depends on the ocular surface structural and functional integrity, 
and the destruction of its integrity leads to various symptoms and dis-
eases, such as dry eye, pterygium, keratoconjunctivitis [3,4]. The cornea 
acts as the transparent tissue on the ocular surface that forms the lateral 
wall of the eyeball, accounting for about one-sixth of the wall of the eye 
and providing about two-thirds of the refractive power [5,6]. The fundus 
is responsible for the light-sensitive function of the eye, and any lesion in 
the fundus will cause visual impairment [7,8]. The eyeball, exposed to 
the external environment, aimed to reduce the influence of external 
factors on the eye, there are multiple barriers on eye, such as cornea, 

conjunctival and blood-eye barrier formed by the blood-aqueous barrier 
and the blood-retinal barrier [1,9,10]. These barriers protect the eye 
from damage, while they also reduce the concentration and delivery 
efficiency of therapeutic drugs, thus, it is important to develop new 
dosage forms that can be consistently administered and can reach spe-
cific sites through the eye barrier [11]. Predominantly, the current eye 
treatment drugs mainly focus on the eye drops, while it exists some 
limitations, such as little absorption of ocular surface, blinking or tear 
flushing causing the rapid removal of eye drops from the ocular surface, 
resulting in low bioavailability of drug [12]. In addition, as the presence 
of the eye barrier, eye drops are difficult to reach the posterior part of the 
eye [13]. Vitreous injection is a commonly used fundus treatment, 
however it present the disadvantages of increasing the risk of infection 
and endophthalmitis caused by frequent injection and poor patient 
compliance [14]. In order to solve these challenges, innovative smart 
materials have been developed in recent years, which plays an impor-
tant role in the biomedical field, crucial to overcome the current defects 
of ophthalmic drug delivery, achieving efficient delivery and long-acting 
slow release of ophthalmic drugs, and improve the bioavailability of 
drugs [15,16]. Furthermore, as eye diseases advance, certain conditions 
inevitably reach end-stage, placing some patients at risk of eyeball 
removal. Consequently, the emergence of regenerative medicine has 
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become pivotal in addressing these challenges. Particularly, with the 
advancements in biomaterials science, the field of ophthalmic regener-
ative medicine has seen significant progress, especially with the prom-
ising application of intelligent response materials. 

Photo-crosslink hydrogels composed of photo-crosslinked polymers, 
photo-initiators and other compounds. As a photosensitive system, they 
could be photo-crosslinked from solution to hydrogels under ultraviolet 
or visible light irradiation to achieve liquid-solid phase transition [17]. 
Through adjusting the light intensity and exposure time, the crosslinking 
state of hydrogels can be controlled, and then the properties of cured 
hydrogels can be affected [18]. Photo-crosslink hydrogels exhibit 
several advantages, such as good biocompatibility and less cytotoxicity, 
which supports cell proliferation and phenotypic maintenance [19,20]. 
Besides, the hydrophilic network structure inside the hydrogel provides 
scaffolds and spaces for cell adhesion and migration, as well as drug 
storage and release, hence it identified as a suitable cell carrier material 
or drug delivery system [17,21]. Thanks to the biocompatibility, reac-
tion gentleness and condition controllability, photo-crosslink hydrogels 
have been widely studied and applied in tissue engineering, drug de-
livery and 3D bioprinting. 

The following review delves into recent advancements in photo- 
crosslink hydrogels within ophthalmology. It primarily explores the 

progress made in the field of tissue engineering, encompassing corneal 
regeneration, vitreous substitutes, lens substitutes, retina regeneration. 
Additionally, it investigates developments in the drug delivery, specif-
ically addressing concerns such as dry eyes, corneal inflammation, and 
retinal neovascularization. Furthermore, the review extends its focus to 
the realm of 3D printing, examining applications in corneal, conjunc-
tival, crystalline lens, retina, orbital implant, and various ophthalmic 
devices. 

2. Overview of photo-crosslink hydrogel 

2.1. Hydrogel 

Hydrogels identified as the crosslinked three-dimensional (3D) 
polymer networks with high water content formed by chemical mono-
mers or polymer chains connected by covalent or non-covalent bonds 
[22,23]. The polymer chain is rich in groups, the hydrophilic functional 
groups on the main chain maintain the water absorption ability of the 
hydrogels, and the cross-linking between the polymer chains provides 
the resistance to dissolution, making them stable in the water environ-
ment [24,25]. In addition, hydrogels exhibit polymer network topology 
and three-dimensional water-containing pore space structure, enabling 
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them to provide delivery functions for the encapsulation of synthetic 
drugs or biological macromolecules such as oligonucleotides, peptides 
and proteins [26–28]. Due to the good biocompatibility and degrad-
ability, hydrogels also display a good application prospect in tissue en-
gineering [29]. 

2.2. Photo-crosslink hydrogel 

Over the past decade, hydrogels have evolved from static materials 
to intelligent materials with controllable response, and the properties 
can be changed by adjusting external physical and chemical stimuli 
[30]. Physical stimuli include temperature, electric or magnetic fields, 
light, mechanical pressure and sound, while chemical stimuli include 
pH, solvent composition, ionic strength and molecular species [25,31]. 
Notably, light-sensitive (light-responsive) hydrogels have received more 
attention due to their non-contact remote control and inherent spatio-
temporal control capabilities [32]. 

Photo-crosslink hydrogels could be switched by photo-crosslinked 
and solidified into hydrogels to achieve sol-gel phase transition when 
exposed to ultraviolet or visible light [17]. Light irradiation is a 
convenient and non-invasive mode of controllable response, which un-
dergo remotely control without direct contact, which produces corre-
sponding stimulus, and it adjusted by the light source switch, light dose, 
light wavelength, exposure time and irradiation position, to achieve the 
formation of hydrogel time and space and various properties of regu-
lation. The specific advantage presents: (1) By switching the light 
source, the remote non-contact control of hydrogel liquid-solid phase 
transition can be realized easily; (2) The properties of hydrogels 
(strength, viscosity, porosity, and degradation) precisely regulated by 
adjusting the light parameters (intensity, wavelength and exposure time 
of light); (3) The variable wavelength of the cured-light applied to 
different application scenarios; (4) The accessibility of the curing posi-
tion is not limited by the external environment; (5) Involved in the 
regulation of material properties and cell states inside the encapsulated 
photo-crosslink hydrogels. The advantageous features of photo-crosslink 
hydrogels make them as promising materials in the biomedical field, 

particularly for ophthalmic applications, such as tissue engineering, 
drug delivery and as sources for 3D printing ink [33,34]. 

3. Types of photo-crosslink hydrogels 

The main components of photo-crosslink hydrogels comprise water- 
soluble photo-crosslinked polymers, the main photopolymerization 
methods are chain polymerization reactions triggered by free radicals 
and biological orthogonal clicking reactions [33,34]. The former is the 
most commonly used reaction in the synthesis of hydrogels, usually 
based on methacrylate functionalized prepolymers, via a chain growth 
mechanism [35]. The latter, distinguished by high reactivity, good 
selectivity, and mild reaction conditions, facilitates the development of 
hydrogels with a consistent structure and stable contents encapsulation 
[34,36]. Naturally derived materials containing bioactive motifs for 
cell-matrix interactions, or synthetic compounds with controllable ma-
terial properties such as elasticity and degradability, form 
photo-crosslink hydrogels. Representative photo-crosslink hydrogels 
derived from naturally materials include collagen, hyaluronic acid, 
chitosan, fibroin and gelatin. Sources of synthetic materials include 
polyvinyl alcohol, polyacrylic acid, polyethylene glycol and poly-
acrylamide (Fig. 1) [35]. 

3.1. Natural materials 

Collagen, gelatin, hyaluronic acid (HA), chitosan, fibroin protein and 
other natural hydrogel materials are rich in sources, easy to obtain, 
which present good biocompatibility and biodegradability. Although 
natural hydrogels have poor mechanical properties such as rigidity and 
stretchability, the active groups (-COOH, –OH, –NH2) on the hydrogel 
chain provide sites for the functional modification [22,37]. The physical 
properties of photo-crosslink hydrogels could be altered through graft-
ing, multiple crosslinking and composite formation with other polymers 
[38]. 

Fig. 1. Classification of photo-crosslink hydrogels: natural materials and synthetic materials.  
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3.1.1. Gelatin 
Gelatin, derived from collagen, is a derivative of type I collagen. It is 

widely available and water solubility, temperature sensitivity, high 
biocompatibility, degradability and low antigenicity [39–41]. Besides, 
as the main components of the extracellular matrix (ECM), gelatin gains 
the function of enhancing cell adhesion and reshaping the cell micro-
environment via the arginine-glycine-aspartic acid sequence [39,42]. 
However, natural gelatin hydrogels present poor mechanical properties, 
insufficient stability and fast degradation rates. In order to overcome the 
limitations, comprising enhance the mechanical properties, improve the 
stability and cytocompatibility, methacrylate is induced in the side 
chain of gelatin, synthetic Methacrylate Gelatin (GelMA) can be chain 
photopolymerized by ultraviolet and visible light. The elastic modulus of 
GelMA in the range of 3.3–110 kPa is determined by the degree of 
substitution (DS) of methacrylate and concentrations. Thus, the hydro-
gel with adjustable mechanical properties, good biocompatibility and 
low immunogenicity was formed [35,42–45]. Han et al. developed a 
photo-crosslink hydrogel based on GelMA, which owned excellent 
transparency and mechanical properties, as well as good biocompati-
bility, cell adhesion and slow degradation. Injecting it into corneal 
stroma which provided space for cell growth and migration, maintain 
corneal thickness, promote corneal stroma remodeling. It present a 
prospect in correcting refractive errors such as hyperopia and kerato-
conus [46]. Compared with the current photo-crosslink hydrogels, 
GelMA is more widely used and meets a variety of biological functions. 
Combining the advantages of natural and synthetic hydrogels, it be-
comes the most representative materials in the field of photo-crosslink 
hydrogels. 

3.1.2. Hyaluronic acid 
Hyaluronic acid (HA) is a hydrophilic, electronegative linear non- 

sulfated glycosaminoglycan (GAG), formed by alternating connections 
of D-n-acetylglucosamine (GlcNAc) and D-glucuronic acid (GlcUA) as 
basic disaccharide units [47]. As the main component of ECM, it exists in 
skin, cartilage, vitreous and other tissues and participates in inflam-
mation and angiogenesis [48,49]. Due to its unique viscoelasticity, good 
biocompatibility, biodegradability and hydrophilicity, hyaluronic acid 
also displays great potential in regenerative medicine [50,51]. Typi-
cally, hydrogels composed of hyaluronic acid exhibit loose binding be-
tween side chains, leading to a soft structure and low strength, making 
them susceptible to hydrolysis and degradation [51,52]. However, the 
physical and chemical properties of hyaluronic acid changed by modi-
fying the active groups such as hydroxyl group and carboxyl group on 
the molecule [50]. For example, after the methacrylate group is intro-
duced to the hyaluronic acid chain, the hyaluronic acid chain can be 
photo-crosslinked under ultraviolet (UV) light irradiation, so as to form 
a hyaluronic acid hydrogel with higher strength that supports other 
bioactive factors, called HAMA hydrogel [53]. In addition, the cell 
adhesion of HAMA increased by grafting RGD peptide on HAMA or by 
introducing other types of hydrogels to construct multi-group hydrogels. 
Shen et al. constructed a double-cross-linked double-network composite 
hydrogel based on porcine-derived acellular corneal stroma hydrogel 
(pDCSM-G) and HAMA. The hydrogel improved the poor cell adhesion 
of HAMA, showing good pro-regenerative biological activity, adhesion 
and mechanical properties. It quickly sealed corneal defects of different 
shapes and sizes without suture, effectively support the survival and 
proliferation of corneal cells, promoting corneal re-epithelialization and 
stroma regeneration, inhibit scar formation, and reconstruct transparent 
cornea [54]. 

3.1.3. Collagen 
Collagen identified a stable triple helix structure, and the poly-

peptide chain is composed of a tripeptide (GlyX-Y)n repeat domain, 
where X and Y are usually proline (Pro) and hydroxyproline (Hyp), 
besides the collagen length is about 300 nm, which presents high 
biomechanical properties [55]. In addition, triple helix collagen has a 

certain protease resistance, while collagenase can degrade it by 
removing terminal peptides from its structure, disrupting the intercon-
nect between cross-linked trivalent ions [56–59]. Among all collagen 
proteins, type I, II and III account for more than 90 % of the total 
collagen protein. They are the most important extracellular matrix 
proteins, which can serve as cell scaffolds to support cell growth and are 
the main structural components of connective tissues [57,60,61]. 
Collagen is one of the most widely used natural biomaterials as to its 
good biocompatibility, physical, mechanical properties and low immu-
nogenicity [55]. Enhancing the specific strength and toughness of 
collagen is achievable by modifying it with different crosslinking agents 
as well as conditions [62]. Chemically modifying photo-crosslinked 
functional groups, such as methacrylate and epoxy propyl methacry-
late, on the side chains of collagen allows collagen derivatives to pro-
duce hydrogels with stronger mechanical properties and greater 
biological stability by exposing to the visible or ultraviolet light [63]. 
Photo-crosslink collagen hydrogels are suitable for a variety of 
biomedical application scenarios, including tissue engineering, regen-
erative medicine, drug delivery and biosensing [61,64,65]. 

3.1.4. Silk fibroin 
Silk fibroin (SF) is a common fibrous protein of which composition 

and structure are similar to extracellular matrix [31]. SF protein is a 
natural amphiphilic block copolymer, consisting of a hydrophobic heavy 
chain (H) and a relatively elastic hydrophilic light chain (L) composed of 
Gly-Ala-Gly-Ala-Gly-Ser and Gly-Ala/Ser/Tyr repeated polypeptide se-
quences, which are connected by disulfide bonds, with certain flexibility 
and stability [20,66,67]. SF protein shows excellent biocompatibility, 
biodegradability and mechanical properties, has good water vapor 
permeability and bactericidal properties, which results in reducing 
inflammation and promoting wound healing [68–70]. As a 
semi-crystalline structural protein, SF hydrogel owns excellent me-
chanical properties, porous structure and controllable drug delivery 
ability. Thanks to its properties, SF becomes a smart polymer biomate-
rial, extensively employed in the fields of suture and wound repair, 
controlled drug delivery and tissue engineering [31,66,67,71]. The 
properties of SF changed by chemical modification intervention ac-
cording to the need, so that it obtain good mechanical, biological effects 
and better performance [67,72,73]. Qian et al. built a polymer hybrid 
hydrogel based on inorganic Zn2+ induced self-assembly glycyrrhizic 
acid (GA) and SF photo-crosslinked methacrylate silk fibroin (SFMA). 
Possessing the ability for rapid in situ photo-crosslinking, strong tissue 
adhesion, good injection performance and mechanical strength, which 
facilitates the regulation of macrophage response in the inflammatory 
microenvironment. The stimulation leads to the polarization of macro-
phages to the M2 phenotype, elimination of reactive oxygen species in 
the wound, and the swift healing of the injured site. It is well-suited for 
use in wound dressings [74]. Mei et al. developed a photo-crosslink 
hydrogel system, called M@M -Ag-Sil-MA, which was assembled by a 
methylpropylene oxyated silk protein hydrogel (Sil-MA) system with 
metformin supported mesoporous silica microspheres (MET@MSNs) 
and silver nanoparticles (AgNPs). In the hydrogel system, Sil-MA en-
dows the hydrogel system with in situ photo-crosslink ability and con-
trols the release of silver NPs, thus inhibiting bacterial aggregation and 
creating a sterile microenvironment. M@M-Ag-Sil-MA promotes wound 
healing by inhibiting the formation of neutrophil extracellular traps 
(NETs), reducing the release of pro-inflammatory factors and promoting 
fibroblast migration and endothelial angiogenesis by modulating the 
immune microenvironment in vivo [75]. 

3.1.5. Chitosan 
Chitosan is a positive linear polysaccharide copolymer composed of 

glucosamine (2-amino-2-deoxyd-glucose) and n-acetylglucosamine (2- 
acetylamino-2-deoxyd-glucose) units via (β-1-4) glucoside bonds, 
mainly derived from Marine crustaceans, produced by deacetylation of 
chitin. With biocompatibility, antibacterial ability and mucosal 
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adhesion, it is usually involved in biomedical fields such as wound 
dressing and tissue engineering [76–78]. The active functional groups of 
chitosan side chains, such as amino and hydroxyl, can be crosslinked 
with different crosslinkers or other polymers at the molecular level to 
improve the physical and chemical properties and functions of chitosan 
[79]. Through the combination of chitosan with photosensitive groups 
like methacrylate and the induction of a photo-initiator to generate free 
radicals via ultraviolet or blue light irradiation, covalent crosslinking 
between chitosan polymers is achieved. It leads to the formation of 
photo-crosslink hydrogels with adjustable concentration-dependent 
mechanical properties and structural morphology, showcasing favor-
able physical and chemical characteristics [79–82]. Owing to their 
unique electrical properties, hydrophilicity, biocompatibility, 
non-toxicity and diverse biological activities, such as broad-spectrum 
antibacterial, anti-tumor and anti-oxidation effects, glycan hydrogels 
attracte significant attention in the fields of drug delivery and tissue 
engineering [80,83]. 

3.2. Synthetic material 

Synthetic hydrogels such as polyethylene glycol (PEG), polyacrylic 
acid (PAA), polyvinyl alcohol (PVA) and polyacrylamide (PAM) are 
chemically cross-linked. Compared with natural polymers, synthetic 
polymers identified modifiable structure, higher mechanical strength 
and controllable biodegradation rate, nevertheless there are still some 
shortcomings exists. Such as poor biocompatibility, risk of biological 
toxicity and wound immune rejection, or lack of biological activity 
which may cause the necessary reaction in the body. The aim of pre-
paring new copolymer hydrogels is to simulate the structure of natural 
polymers and enrich the functions of polymers [38]. Composite hydro-
gels are developed, which appears as copolymers with main-chain 
crosslinks, or as poly interpenetrating networks (IPNs), where co-
polymers consist of two or more different monomers arranged in 
random, block or alternating configurations along the polymer network 
chain. Poly interpenetrating polymer hydrogels consist of two inde-
pendently cross-linked synthetic and/or natural polymers in a network 
form. In this way, hydrogels precisely modified to highlight the best 
properties of each of their constituent components, allowing for a 
greater degree of control over their properties [25,37]. 

3.2.1. Polyethylene glycol 
Polyethylene Glycol (PEG) is a polymer composed of repeated glycol 

units, which is safe, non-toxic, flexible, biocompatible and highly hy-
drating [84,85]. Polyethylene glycol can be used alone or in combina-
tion with polymers [86]. It exists rich side chain active groups on PEG. 
To optimize the pharmacokinetic and pharmacodynamic outcomes of 
drugs, PEG chemically modified or combined with proteins or drugs to 
achieve pegylation. The approach enhances biocompatibility, reduces 
immune reactions, diminishes uptake by the reticuloendothelial system 
and lowers the drug degradation rate. Thereby extending the biological 
half-life of circulation in the body [85,87–89]. Therefore, Polyethylene 
glycol and its derivatives are widely used in a variety of biomedical 
applications, such as coating medical devices to control host immune 
responses, or as molecular biological carriers to carry drugs or bioactive 
molecules to penetrate barriers in and reduce degradation in vivo, be-
sides, it manipulated to form various hydrogels for cell culture and stem 
cell differentiation [52,86,90]. PEG chemically modified with acrylate 
groups to produce a photopolymerizable polyethylene glycol diacrylate 
(PEGDA) [91]. Originating from PEG, the photo-crosslink hydrogel 
rapidly encapsulates cells or drugs, demonstrating controllable me-
chanical properties, adhesion, high controlled release ability, antibac-
terial effects and antioxidant properties, applied span tissue 
engineering, drug delivery and other fields [92–94]. 

3.2.2. Polyvinyl alcohol 
Polyvinyl alcohol (PVA) consists of vinyl acetate by polymerization 

and alcoholysis, containing alcohol groups, easily soluble in water, and 
form hydrogen bonds with water. PVA is a biodegradable semi- 
crystalline synthetic polymer, with excellent properties such as 
biocompatibility, adhesion, high mechanical properties [95–98]. PVA is 
widely used in wound dressing and drug delivery as its excellent phys-
ical, chemical properties, non-toxicity and biodegradability [96,98]. 
Compared with other polymers, simple polyvinyl alcohol present limited 
water resistance, biological activity, lack of exudate absorption and drug 
delivery ability, hence there are still some shortcomings when used as 
wound dressings alone [99,100]. By chemically modifying PVA with 
acrylate groups, a copolymer with photopolymerization ability formed. 
The polyvinyl methacrylate for wound dressing displays good biocom-
patibility, biodegradability, antibacterial activity and provides neces-
sary moist environment, so as to improve the wound healing rate [101]. 
PVA mixes with other organic or inorganic compounds, such as blending 
UV-curable PVA-methacrylate (PVA-MA) with RGD polypeptide poly-
mer, enhances cell adhesion and explores its potential application in soft 
tissue engineering [102]. 

3.2.3. Polyacrylic acid 
Polyacrylic acid polymerized by acrylic monomer via covalent bond, 

the molecular formula is C3H4O2, the structural formula contains a cis- 
double bond and carboxyl group, is a water-soluble chain polymer, 
including shell polymerization, star and interpenetrating network series, 
with low-toxic, dry adhesion and hemostatic ability [103]. The under-
water bonding polyacrylic acid (PAAc) hydrogel coating formed by 
chemical modification of polyacrylic acid with methacrylic acid gives 
inert materials the ability to bond underwater, hence it attracts much 
attention in the field of wound dressings [104]. Polyacrylic acid changes 
its properties and applications by introducing different side chains and 
crosslinks, offering the possibility of hydrogen bond formation, thus 
allowing it to react with other polymers that forms hydrogen bonds 
[105]. When polymers such as polyacrylic acid and polyacrylamide 
come into combined, they cause a liquid to solid transformation of the 
polymer under light irradiation, with targeted drug delivery to specific 
organs as well as tissues, in the meanwhile sustained drug release [105, 
106]. 

3.2.4. Polyacrylamide 
Polyacrylamide (PAM) is a neutral polymer formed by copolymeri-

zation of acrylamide homopolymer or other monomers. As a linear 
polymer, PAM displays good thermal stability [107]. Moreover, the 
abundance of amide groups in the structural unit of polypropylene 
diluted amide facilitates the formation of hydrogen bonding, resulting in 
excellent water solubility and chemical activity, consequently, it finds 
extensive applications in the medical and various other industries [105]. 
Polyacrylamide (PAM) exhibits poor cell adhesion, while it owns good 
mechanical properties, hence it is usually used in combination with 
natural hydrogels to maximize functionality [108]. Li et al. designed a 
dressing, PAM/DA-HA-EPL, for the light-triggered, in situ formation of 
an antimicrobial memory hydrogel, it based on acrylamide (AM) and 
dopamine-hyaluronic acid-ε-poly(L-lysine) (DA-HAEPL), underwent 
rapid transformation from liquid to solid under blue light, and con-
formed to the wound morphology, effectively isolating the wound 
through adhesion, thereby enhancing biocompatibility and accelerating 
the healing of infected wounds [109]. Han et al. prepared a GelMA/PAM 
biohybrid hydrogel based on gelatin methacrylate (GelMA) and acryl-
amide (AM) under ultraviolet light irradiation, which combined the 
biocompatibility of GelMA hydrogel with the physical properties of 
flexible PAM, and repaired the cartilage defects in rabbit knee joints, 
which identified a broad prospect in the field of articular cartilage tissue 
engineering [110]. 

4. Reactions in photo-crosslink hydrogels 

Hydrogels feature polymeric networks in which crosslinking plays an 
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important role in the formation and degradation of polymers. There are 
two main forms of cross-linking, covalent cross-linking including Schiff 
base reaction and free radical polymerization, and non-covalent cross- 
linking including hydrogen bonding and hydrophobic interaction. Ac-
cording to the different crosslinking methods, hydrogels were divided 
into chemical hydrogels and physical hydrogels [111–113]. Physical 
cross-linking is widely used in self-healing hydrogels due to the absence 
of cross-linking agents and reversible cross-linking, which owns the 
prominent advantage of safety and injectable [114,115]. The formation 
of irreversible covalent bonds in chemically crosslinked hydrogels is 
usually mediated by crosslinking agents [114]. In comparison to phys-
ical cross-linking, hydrogels formed through chemical cross-linking are 
typically more stable and have diverse biomedical applications, such as 
3D printing, specifically, photo-crosslink hydrogels were produced 
mainly through free radical photopolymerization (FRPP), facilitating a 
macroscopic transition from liquid to solid states (Fig. 2). 

4.1. Photo-crosslink mechanism of hydrogels 

Free Radical Polymerization (FRP) is known as a polymerization 
reaction initiated by free radicals that results in the growth of chain- 
growing radicals, also free radical polymerization [116]. Free radical 
polymerization consists of four basic steps: i) Chain initiation, that is, the 
formation of active center free radical, and free radical initiator mono-
mer. ii) Chain growth (Propagation), active monomer free radicals form 
macromolecular free groups through chain addition with alkene 
monomers. iii) Chain termination, the disappearance of active free 
radicals, including single-base termination and double-base termina-
tion, which usually occurs through bimolecular binding or (and) 
disproportionation. iv) Chain transfer, chain radicals terminate stably by 
snatching atoms from other molecules, while molecules that lose atoms 
new free radicals [117]. In comparison to other polymerization tech-
niques, the reaction conditions of free radical polymerization are mild 
and easy to operate. Controlled free radical polymerization (CRP) pro-
vides enhanced control over the molecular weight, distribution, func-
tionality, and composition of polymers. The method is suitable for 

developing polymers with specific composition and properties, besides it 
combined with various vinyl monomers to create polymers tailored for 
different purposes [118–120]. CRP technologies including photoin-
duced CRP, electrochemically regulated CRP and ultrasound-regulated 
CRP, among which photoinduced CRP includes photo-regulated atom 
transfer radical polymerization (ATRP) and photo-regulated reversible 
addition-fragmentation chain transfer polymerization (RAFT) [119]. 
Free radical graft copolymerization of hydrogels usually requires the 
presence of an initiator, and the properties of hydrogels adjusted by the 
type and dose of the initiator. The photoinitiated radical-mediated thi-
ol-alkene reaction serves as a “click” polymerization method, offering 
high efficiency, simplicity, and the absence of by-products typical of 
traditional “click” reactions, and primarily utilized for cross-linking 
thiomers and olefins, it presents significant advantages in polymer 
synthesis [121]. The reaction initiates with photochemical cleavage 
induced by UV or visible light irradiation, generating a reactive mer-
capto radical. This radical subsequently reacts with an olefin, resulting 
in the formation of a new carbon radical, following this, another thiol 
substrate reacts with the carbon radical, regenerating a mercapto 
radical, thus initiating a propagation cycle [122,123]. Meng et al. 
combined the photosensitizer Chlorin e6 (Ce6) with catalase (CAT) by 
forming an amide bond to obtain a composite photosensitizer 
(Ce6-CAT), and in the case of imiquimod (R837)-loaded poly 
lactic-hydroxyglycolic acid (PLGA) nanoparticles (RPNPs) as immu-
noadjuvant, Ce6-CAT and polyethylene glycol diacrylate (PEGDA), as 
well as RPNPs were blended to obtain an injectable hydrogel precursor, 
which could form hydrogels in situ based on free radical polymerization 
reaction under light exposure (Fig. 3A). Besides, the free radicals 
generated by Ce6 also had a strong injurious effect on tumor cells, which 
led to the long term retention of drugs and multiple rounds of photo-
dynamic therapy (PDT) [124]. Hu et al. constructed a light-enzyme 
coupling system based on flavinase/flavin adenine dinucleotide 
(FAD)/flavin mononucleotide (FMN) with high efficiency and control-
lability of light-enzyme activity, and realized a light-enzyme coupled 
hydrogel platform for enzyme immobilization with spatio-temporally 
controllable hydrogel network by stimulating the enzyme to initiate 

Fig. 2. Classification of hydrogel reactions: chemical crosslinking and physical crosslinking ( Red star represents the main reaction in the photo-crosslink 
hydrogels). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Illustration of photo-triggered radical polymerization hydrogel. (A) Photo triggers formation maps of Ce6-CAT/PEGDA hydrogels. Reproduced with 
permission from Ref. [124]. Copyright 2019 WILEY. (B) Construction of a hydrogel platform based on photo-enzymatic coupling and its use for wound healing 
regulation. Reproduced with permission from Ref. [125]. Copyright 2023 Elsevier. 
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the polymerization of free radicals in the light condition (Fig. 3B). By 
switching the light on/off, the hydrogel further inhibits the bacterial 
infection of diabetic wounds and reduce the oxidative stress in the 
microenvironment, thus promoting wound healing [125]. 

In addition to the common gelling strategies induced by FRP, there 
are also some special and novel crosslinking strategies based on free 
radicals. Zhu et al. proposed a new “photocoupling reaction” PTPC re-
action crosslinking strategy, which photo-triggered instantaneous free 
radical and persistent free radical coupling reaction. During the reac-
tion, highly cross-linked HAMA particles are formed through 395 nm 
light irradiation, inducing the cross-linking of HAMA particles. 
Concurrently, nitroso groups are generated from NB groups located at 
the end of PEG under the acceleration of LAP. These nitroso groups 
promptly capture free radicals, generating long-lasting nitrogen oxides. 
Subsequently, the carbon central free radicals couple with the HAMA 
particles. Thus, the covalent interface bonding between HAMA particles 
and PEG matrix is realized, and the gelation process is completed. The 
PTPC reaction achieves the establishment of a micro-phase separation 
structure at the interface of both photo-crosslinking and biomimetic 
materials. This facilitates the preparation of composite gels with ultra- 
high toughness and excellent tensile strength, thereby advancing the 
development of soft materials and 3D printing technology [126]. 

Free radicals derived mainly from the breaking of covalent bonds in 
molecules. When the covalent bond is broken, the shared electron pair 
divided into two atoms or groups, resulting in the formation of an un-
paired electron atom or group is a free radical [127]. Photoinduced 
radical polymerization is typically achieved by activating a suitable 
photo-initiator with ultraviolet light. During this process, photons and 
molecules transition to their excited states, leading to rapid decompo-
sition and the formation of free radicals or ions [128,129]. Previous 
studies proved that in the biological body, free radical ROS regulated 
cell behavior and closely related to various diseases. As a substance 
lacking electrons, ROS competes for electrons in the human body, 
resulting in the circulation of electron transfer [130]. In chemical re-
actions, however, free radicals usually exist as intermediates, while two 
free radicals combine with each other to form a molecule, the free 
radical reaction is thus terminated [131,132]. The free radicals present a 
low concentration and retention time during the overall reaction pro-
cess. In the process of photoinitiated radical polymerization, the pho-
topolymerization stops when the light source is removed. Based on the 
background above, curing of hydrogels without free radicals is proposed 
by photodimerization. Photodimerization refers to the process whereby 
two identical organic compound molecules are polymerized into the 
dimer form of the molecule by cross-linking through covalent bonds in 
the presence of light [133]. During the process, light-induced photons 
are initially absorbed by the photoreceptors, inducing conformational 
changes and increasing the affinity of the partner. By introducing sty-
rene pyridine into the polyvinyl alcohol chain, Li et al. overcame the 
problem that PVA-based hydrogels lack photocuring functional groups 
and were difficult to customize, making it possible to achieve photo-
curing 3D printing in the absence of a matt initiator through photo-
dimerization crosslinking [134]. Zhu et al. prepared hydrogels with 
coumarin monomer and acrylic acid in an aqueous solution of cetyl-
trimethylammonium chloride (CTAC) micelles through hydrophobic 
interactions as well as ionic interactions, and the hydrogels were 
phase-transformed by efficient photodimerization of coumarin under 
365 nm light irradiation [135]. Rizzo et al. proposed a free radical-free 
(RF) photo-crosslinking strategy based on hydrophilic coumarin and 
4-armed poly(ethylene glycol)-thiols (PEG4SH), which provided tem-
poral and spatial control over the michael addition reaction in the 
alkali-catalyzed thiol-enclick reaction by light irradiation of the hydro-
philic coumarin photocages (PCs) that underwent a photodissociation 
reaction that in turn exposes the reactive compounds or functional 
groups of the PEG4SH, leading to the formation of a hydrogel [136]. 

4.2. The factors affect the forming of photo-crosslink hydrogels 

The photo-initiator plays a pivotal role in light-curing hydrogel 
systems, influencing both the curing speed and the ultimate perfor-
mance of the polymer, when selecting the photo-initiator, several factors 
must be taken into account, including spectral matching, initiation ef-
ficiency, solubility, and others [137,138]. Depending on the reaction 
mechanism, photo-initiators categorized into free radicals and cations 
[138]. Among these, free radical photo-initiators can be categorized into 
cleavage photo-initiators and hydrogen-capture photo-initiators, 
depending on the mechanisms involved in generating free radicals. In 
the free radical polymerization process, oxygen blocking polymerization 
is the most common external factor affecting the rate of light curing. 
Oxygen molecules produce peroxyl radicals by competitively combining 
with free radicals, thus reducing the efficiency of light curing 
[139–141]. The above problems effectively improved by increasing the 
concentration of photo-initiator, light intensity and monomer concen-
tration which make the number of initial free radicals exceed the con-
centration of dissolved oxygen, accelerating the light curing process, 
hindering the diffusion of oxygen to the deeper layers, reducing the 
competitive reaction between oxygen and radical polymerization, hence 
decreasing the unevenness of the deeper layers of curing [142,143]. 
Diverse light intensities and wavelengths exert varying effects on the 
polymerization characteristics of light-curing materials. The choice of 
photo-initiator determines the required UV or visible light excitation 
wavelength. Notably, visible light-based Ru/SPS photo-initiators 
demonstrate accelerated polymerization rates and enhanced penetra-
tion depths, enabling more uniform curing in deeper material layers, and 
these factors contribute to the distinct properties observed in the 
resulting hydrogel [137,143]. Therefore, according to different appli-
cation scenarios, different light intensity and light wavelength should be 
selected [129]. He et al. proposed the Effective Double Bond Conversion 
(EDBC), which reflects the proportion of double bonds converted to 
cross-linking bonds. In this process, light intensity directly influences the 
formation state of the light-curing hydrogel. Under the same exposure 
dose, higher light intensity accelerates the generation of free radicals, 
resulting in faster cross-linking of the hydrogel. Conversely, lower 
exposure intensity leads to slower cross-linking, albeit with more 
intensive cross-linking and higher mechanical strength, accompanied by 
a reduced swelling rate [18]. In addition, free radical polymerization in 
light-curing hydrogels is also affected by other factors, such as monomer 
type, monomer photosensitive group substitution, by adjusting the 
above factors that the structure of the photo-crosslinked network and 
crosslinking density altered. Monomer photosensitive groups are the key 
factors in the formation of light-curing hydrogels, and their degree of 
substitution, molecular weight, and molecular structure affect the 
various mechanical properties of hydrogels. The reaction of combining 
appropriate side chains or groups on a chemically bonded preformed 
main chain is called grafting, which can be divided into chemical 
grafting and radiation grafting according to the type of initiator 
[144–147]. Acrylic grafting is one of the most common types of chemical 
grafting. Gelatin further activated by substituting amino and hydroxyl 
groups on gelatin with grafted methacrylic anhydride (MA) to produce 
methacrylated gelatin (GelMA) [17]. The higher the degree of MA 
substitution in GelMA, the more chemical cross-linking reactions the 
polymer is capable of generating, resulting in a denser network struc-
ture. Generally, the higher the degree of cross-linking of the polymer 
network, the higher the mechanical strength and the shorter the 
degradation time [148]. Both natural and synthetic hydrogels exhibit 
drawbacks when composed of a single component. For instance, natural 
hydrogels often lack robust physical properties, while synthetic hydro-
gels may lack optimal biocompatibility. Utilizing multi-component 
material monomers, modified to offer enhanced chemical or physical 
crosslinking potential, allows for the copolymerization and formation of 
multi-component interpenetrating or semi-interpenetrating double or 
multi-network hydrogels, and the approach enables a more 
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comprehensive optimization of the physicochemical properties of the 
hydrogels [149,150]. 

5. Application of photo-crosslink hydrogels in ophthalmology 

Ocular drug delivery systems, tissue engineering and 3D printing 
based on photo-crosslink hydrogels are important research priorities. 
Photo-crosslink hydrogels as water-swollen degradable polymer net-
works that achieve a liquid solution-solid hydrogel phase transition 
under UV or visible light irradiation. It boasts high biocompatibility, 
offers convenient and controllable light regulation, and contains high 
water content. The drug loaded into the hydrogel pore network with 
high efficiency via light curing, which overcomes the defects of current 
ophthalmic drug delivery and achieve efficient delivery and long-term 
sustained release of drugs. As a smart material, light-cured hydrogel 
demonstrates the capacity to encapsulate highly viable cells in three 
dimensions and regulate physicochemical properties in vitro. This 
characteristic enables the promotion of cell growth or intraocular tissue 
replacement using photo-crosslink hydrogel materials, offering prom-
ising prospects in the field of tissue engineering. Leveraging the sensi-
tivity and accuracy of light, 3D printing facilitates the precise simulation 
of individual tissue structures. This capability allows for comprehensive 
disease treatment and advances regenerative medicine by transforming 
corresponding models from tissue engineering into reality through 3D 
printing. 

5.1. Tissue engineering 

In the development of tissue engineering, biological materials must 
interact with the body to induce tissue regeneration, reshape the tissue, 
and undergo complete degradation. Thanks to its spatiotemporal 
controllability, mechanical adaptability and biocompatibility, photo- 
crosslink hydrogels not only enable the three-dimensional encapsula-
tion of highly viable cells within the hydrogel polymer network but also 
allow for the on-demand adjustment of the hydrogel’s physical and 
chemical properties. It is widely used in various biological applications 
and present an application prospect in the field of tissue engineering 
[151] (Table 1). 

5.1.1. Corneal regeneration 
The application of photo-crosslink hydrogels in ophthalmology rea-

ches the hot research field in recent years, mainly focusing on tissue 
engineered cornea and vitreous body substitutes. The tissue-engineered 
corneal stroma constructed by photo-crosslink hydrogels attracted the 
attention of researchers. Li et al. designed a hydrogel GEcAA/GEcSH 
that realized rapid photo-crosslinking using thiodiene chemistry, which 
present good biocompatibility and transparency (Fig. 4A). In vivo ex-
periments conducted on rabbit models of corneal injury showed that 
GEcAA/GEcSH identified good repair effects and accelerated the rate of 
corneal epithelialization. Effectively reduced corneal mist and scar and 
promoted the regeneration of new tissue under the corneal wound more 

quickly [152]. Zhao et al. devised a dual-network photo-crosslink 
hydrogel comprising methacrylate gelatin (GelMA) and oxyglucan 
(ODex). The hydrogel demonstrates high light transmission, exceptional 
biocompatibility, resistance to enzymatic degradation, and superior 
adhesive strength compared to commercial adhesives like fibrin glue. It 
enables long-term effective adhesion to the cornea and facilitates rapid 
re-epithelialization of the cornea (Fig. 4B). The double-network pho-
to-crosslink hydrogel used as an alternative to keratoplasty and other 
corneal surgical sutures, presenting a novel approach to tissue fixation in 
ophthalmology and surgery with considerable clinical application value 
[153]. Yazdanpanah et al. synthesized a photo-crosslink corneal stroma 
(LC-CO Matrix), a functional hydrogel derived from acellular porcine 
corneal extracellular stroma containing undenatured collagen and sul-
fosaminoglycan. This hydrogel exhibits good swelling behavior, 
biodegradation, and viscosity. Following photo-crosslinking, the 
biomechanical strength, stability, and adhesion are further enhanced 
(Fig. 4C). In vitro, it also demonstrated good adhesion to the human 
cornea, serving as a potential replacement for the natural corneal 
stroma, and it effectively closes whole-layer corneal perforations and 
tissue defects, offering broad prospects in corneal and ophthalmic sur-
gery [154]. Deriving from the clinical application of UV-riboflavin 
corneal collagen crosslinking (CXL), Li et al. developed a 
multi-cross-linked photo-crosslink hydrogel based on GelMA, F127DA & 
AF127 co-assembled bifocal micelles and type I collagen (COL I) that 
was used with CXL applications (Fig. 4D). The hydrogels present the 
characteristics of transparency, epithelium & stroma generation, 
suturelessness, toughness (T. E. S. T). In addition, the hydrogel owned 
stable properties, slow degradation, strong ability to withstand pressure 
and deformation. In the rabbit models of deep corneal stromal defect, 
the hydrogel gelled in situ at the cornea stromal defect under ultraviolet 
irradiation, and seamlessly filled and supported the regeneration of 
corneal epithelium and stroma, which identified as a good prospect in 
the treatment of keratoconus and other corneal disease [155]. The 
construction of tissue-engineered corneas using photo-crosslink hydro-
gels represents an innovative research area focused on developing novel 
biomaterials and technologies. It aims to facilitate the repair of corneal 
injuries through non-invasive and sutureless methods. By leveraging 
material innovation and technology applications, it offers new ideas and 
methods for corneal injury repair and regeneration, as well as for tissue 
regeneration in ophthalmology and other surgical procedures, thus 
presenting a wide range of clinical applications. 

5.1.2. Vitreous substitutes 
Vitreous substitutes applied for treatment of retinal detachment and 

retinal injury. Currently, most vitreous substitutes involve the use of gas 
or silicone oil, but both methods have drawbacks, for instance, silicone 
oil implants cannot undergo degradation and necessitate a second 
operation for later removal, while gas implants exhibit poor stability due 
to their easy diffusion [162]. Thanks to its advantages such as photo-
control, high transparency, suitable toughness and good biocompati-
bility, photo-crosslink hydrogels can be injected into the vitreous cavity 

Table 1 
Photo-crosslink hydrogels for tissue engineering applications.  

Direction Application Materials Curative Effect Ref. 

Tissue 
Engineering 

Corneal 
Regeneration 

GEcAA/GEcSH Effectively reduce corneal haze and accelerate corneal epithelialization [152] 
GelMA-Odex Higher bond strength than commercial adhesives for long-term corneal adhesion [153] 
LC-COMatrix Effective closure of full corneal perforations and tissue defects [154] 
GelMA/F127DA/AF127 Seamlessly fills and supports the regeneration of the corneal stroma and epithelium [155] 

Vitreous Substitutes HA Restores normal eye shape and intraocular pressure [156] 
PNAGA-PCBAA Vitreous cavity gelation at body temperature after in vitro UV pre-crosslinking [157] 

Crystal Substitute HEMA-co-MAA-comma-co-HI 
(HAMI) 

Treats eye inflammation, prevents clouding of the posterior chamber, filters out harmful 
blue light 

[158] 

PEGDA Good injectability and shape of the crosslinked polymer solution [159] 
Retinal 
Regeneration 

MeCTS Attachable induced pluripotent stem cells and promotes stem cell differentiation towards 
neuronal phenotypes 

[160] 

Agarose/HA Controlled spatial position curing of biomolecules in 3D hydrogels [161]  
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Fig. 4. Representative diagram of photo-crosslink hydrogels applied for cornea regeneration. (A) Schematic synthesis of GE-AA, GE-SH and Schematic description of 
the mechanism of network formation between GE-AA and GE-SH. Reproduced with permission from Ref. [152]. Copyright 2018 American Chemical Society. (B) 
Fabrication and observation of adhesive hydrogels with different ratios of GelMA to ODex. Reproduced with permission from Ref. [153]. Copyright 2022 Elsevier. (C) 
The fabrication process of photo-crosslink LC-COMatrix hydrogel. Reproduced with permission from Ref. [154]. Copyright 2022 Wiley-VCH. (D) Fabrication and 
application, as well as networks illustration of photo-crosslink adhesive corneal hydrogel patch. Reproduced with permission from Ref. [155]. Copyright 
2023 Elsevier. 
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in situ to form a vitreous substitute [163]. Raia et al. designed and 
synthesized enzymic crosslinked silk-hyaluronic acid (HA) hydrogels 
characterized by horseradish peroxidase and H2O2. By adjusting the 
polymer ratio and crosslinking density, the hydrogel has a wide range of 
mechanical and expansive properties, which better maintain intraocular 
pressure (IOP) and retinal location. In vivo experiments on vitreous 
removal models of live pig eyes also showed that photo-crosslink 
hydrogel implantation restored the normal shape of the eye and IOP, 
which present potential clinical application value as a substitute for 
vitreous body [156]. Wang et al. prepared a supramolecular bipolymer 
photo-crosslink hydrogel called PNAGA-PCBAA based on N-acryl-
ylglyamide (NAGA) and Carboxybetaine Acrylamide (CBAA) (Fig. 5A). 
The hydrogel possesses not only shear-thinning, temperature 
compressibility, and self-healing properties but also exhibits fast 

network recovery. Besides, it identified similar parameters to human 
vitreous body, such as transmittance, refractive index and stability. After 
UV pre-crosslinking in vitro and shear dilution injection with a 22G 
needle, the hydrogel rapidly underwent intra-vitreous gelation at body 
temperature. It maintained high transparency, stability, self-regulation, 
and exhibited an ultra-low fibrosis reaction. There were no post-
operative adverse reactions, and it did not impact other intraocular 
tissue structures. These findings indicated that the hydrogel served as an 
ideal vitreous substitute with promising prospects in the field of 
ophthalmology [157]. Due to its excellent biocompatibility, capacity to 
maintain retinal function, and simplicity of surgical procedure, 
photo-crosslink hydrogels serve as a vitreous replacement, reducing 
surgical risks and providing a new solution for ophthalmic surgery. 
While photo-crosslink hydrogels have made scientific progress in 

Fig. 5. Representative diagram of photo-crosslink hydrogels applied for vitreous, crystal and retinal substitutes. (A) Schematic illustration of the molecular structure 
of PNAGA-PCBAA binary copolymer. Reproduced with permission from Ref. [157]. Copyright 2018 WILEY-VCH. (B) Diagram of hydrogel crystal formation. 
Reproduced with permission from Ref. [159]. Copyright 2001 ACS. (C) Schematic of surfactant templating and stem cell differentiation facilitating used to create 
chitosan hydrogels. Reproduced with permission from Ref. [160]. Copyright 2016 ACS. (D) Schematic illustration of the molecular structure of the 3D photosensitive 
hydrogel. Reproduced with permission from Ref. [161]. Copyright 2017 ACS. 
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vitreous replacement engineering, they still face limitations. Precision in 
the preparation and processing of light-cured hydrogels may hinder 
their widespread clinical use, and their transparency might not always 
meet the requirements for high vitreous body transparency in patients. 
Moreover, the mechanical strength and long-term stability of 
photo-crosslink hydrogels necessitate further long-term experimental 
investigation to prevent deformation or damage during prolonged 
clinical application. Addressing these challenges, including mechanical 
strength, transparency, processing difficulty, and long-term effects, 
could promote the broad clinical application of photo-crosslink 
hydrogels. 

5.1.3. Crystal substitute 
Cataracts are the leading cause of vision impairment and blindness 

worldwide, manifested primarily as a degenerative opacity of the lens 
[164]. The light fails to pass through the lens to cast in retinal entirety 
because of the opaque lens [165]. By far, the primary treatment for 
cataracts involves surgically implanting an artificial lens [166]. 
Although current foldable acrylic lens improves cataract patients to 
some extent, posterior capsule opacity (PCO, secondary cataract) re-
mains a challenge [167]. Yang et al. developed the 
HEMA-co-MAA-comma-co-HI (HAMI) hydrogel based on 2-hydrox-
yethyl methacrylate (HEMA), methyl methacrylate (MMA), methacry-
late (MAA) and indomethacin methacrylate (HEMA-IND) (HI) by free 
radical polymerization. The hydrogel present good biocompatibility, 
transparency, suitable mechanical strength, hydrophilicity and other 
necessary properties of intraocular lens. In addition, the hydrogel re-
leases HI slowly, and HI treats ocular inflammation, prevents PCO and 
filters postoperative harmful blue light by inhibiting the collagen syn-
thesis of lens epithelial cells and absorbing short-wavelength blue light. 
Therefore, HAMI hydrogel identified a good prospect in the field of 
intraocular lens biomaterials [158]. Groot et al. designed injectable 
photo-crosslink hydrogel lenses, which mainly consisted of low molec-
ular weight PEGDA and high molecular weight acrylic modified co-
polymers of N-vinylpyrrolidone and vinyl alcohol. The copolymer of 
(4-vinyl-2, 6-dimethylbenzoyl) diphenylphosphine oxide and dimethy-
lacrylamide was used as photoinitiator (Fig. 5B). In the case of blue light 
irradiation, the polymer solution underwent a liquid-solid phase tran-
sition, forming to hydrogel. The hydrogel exhibits good transparency 
and biocompatibility, with a refractive index close to that of the natural 
crystal. It exhibits an expansion rate of less than 1 % and demonstrates 
appropriate injectability and viscosity. The polymer solution was 
injected into the capsular band of the lens within the pig eyeball, it was 
found that the polymer solution kept in situ and present a suitable shape 
compared to the pre-crosslinked solution. The light intensity and time 
required for photo curing are also accepted within the range of retinal 
damage (0.33 W/cm2) [159]. As a crucial component of the eye, the lens 
regulates ciliary muscle relaxation or contraction to achieve refractive 
adjustment, refracts light for focusing, and filters ultraviolet light to 
protect the retina. While replacing the lens with photo-crosslink 
hydrogel could simplify the surgical process and achieve some degree 
of personalization, it poses significant technical challenges in achieving 
the complex three-dimensional structure and precise functional 
gradient. Further research and technological innovation are needed to 
address these challenges and realize its potential for clinical application. 

5.1.4. Retinal regeneration 
As a typical neurodegenerative disease, age-related macular degen-

eration (AMD) and retinitis pigmentosa (RP) bring about visual 
impairment to millions of people around the world due to degenerative 
damage of retinal pigment epithelium(RPE)and photoreceptor 
[168–170]. However, even after denaturation of RPE and photore-
ceptor, cells remain intact, and transplant photoreceptors or RPE puts 
forward an important direction of therapeutic research [171]. 
Two-dimensional (2D) cell culture using biomimetic hydrogels emerged 
as an alternative strategy to reproduce natural cell growth in vitro. 

Worthington et al. formed a surfactant templated chitosan hydrogel 
using methacrylate functionalized chitosan (MeCTS) and surfactant to 
self-assemble under light irradiation (Fig. 5C). The surfactant template 
adjusted the water absorption and compression modulus of the 
photo-crosslinked chitosan hydrogel, and prevented the property fluc-
tuation caused by the change of pH. In addition, after removing a certain 
amount of surfactant, MeCTS attached pluripotent stem cells and pro-
moted the differentiation of stem cells into neuronal phenotype, 
providing new insights in retinal regeneration [160]. Compared with 2D 
culture, three-dimensional (3D) cell culture in hydrogel better simulates 
natural cell growth. Tam et al. developed a photosensitive hydrogel 
based on agarose and hyaluronic acid, which could solidify bio-
molecules in a controlled spatial position in a 3D hydrogel through 
single or two-photo irradiation,and further studied showed that the 
interaction effect on endothelial cell and retinal stem cells (Fig. 5D) 
[161]. Current research on the utilization of photo-crosslink hydrogels 
for retinal regeneration primarily focuses on the early stages in labora-
tory settings. While some positive results have been achieved in the 
laboratory, the clinical application of these materials still necessitates 
further safety and efficacy studies. 

5.2. Drug delivery 

Millions of individuals worldwide suffer from various types of ocular 
diseases. Presently, ophthalmic drugs are primarily administered 
locally, predominantly in the form of eye drops [172,173]. However, 
due to the secretion of tears and the mechanical movement of the eye-
lids, eye drops hardly retained on the ocular surface. Ocular barriers 
such as conjunctiva, sclera, blood-eye barrier (formed by blood-water 
barrier and blood-retinal barrier), results in the low bioavailability of 
drugs on the ocular surface and the delivery to the corresponding lesion 
sites of the fundus is challenging [174,175]. Further improving the ef-
ficiency of ophthalmic drug delivery is needed, a variety of delivery 
systems proposed, among which photo-crosslink hydrogels, as a 
degradable polymer network, efficiently load drugs into the hydrogel 
network, achieving controlled release and continuous drug delivery, 
which become the focus of research in recent years [176] (Table 2). 

5.2.1. Dry eye 
Dry eye is a multi-factor disease, its pathological mechanism includes 

tear film instability, high osmotic pressure of tears. Inflammation plays 
an important role in the occurrence and development of dry eye. 
Therefore, inhibiting ocular surface inflammation is one of the impor-
tant and effective ways for dry eye [184]. Cyclosporin A (CsA) is a 
known immunosuppressant that present a significant effect on inhibiting 
inflammation, however, CsA is insoluble in water, which affects its ef-
ficacy [185]. Gong et al. constructed a drug loading system based on 
o-nitrobenzyl alcohol-modified polyethylene glycol (PEGNB) and 
methacrylate modified hyaluronic acid (HAMA), loaded with CsA and 
implanted into the lacrimal duct to form a stable drug loading and 
gradually slowly release photo-crosslink dual-network hydrogel. 
Through the construction of rabbit dry eye model, it was confirmed that 
photosensitive hydrogel CsA drug-loaded lacrimal plug increased tear 
secretion, inhibited ocular surface inflammation, and finally promoted 
the repair of ocular surface epithelial damage, providing a new treat-
ment strategy for refractory dry eye [177]. Dai et al. designed and 
synthesized a hydrogel tear plug (SFMA/FTN) using methacrylate 
modified fibroin protein (SFMA) as a hydrogel scaffold and indocyanine 
green (ICG) nanoparticles (FTN) as a tracer (Fig. 6A). Following 
photo-crosslinking via free radical polymerization, the hydrogel 
exhibited excellent biocompatibility, biodegradability and mechanical 
properties. It withstood tissue pressure, enabled non-invasive detection 
under near-infrared light, and achieved optimal compatibility with 
irregular lacrimal passages. The model of dry eye in rabbits showed that 
it could completely block lacrimal duct, improved breakup time of tear 
film and increased the number of goblet cells, which appeared a high 
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value in the treatment of dry eye [178]. Currently, the primary form of 
medication for treating dry eye is through eye drops. However, the ab-
sorption and utilization of eye drops are limited due to mechanical 
movements such as blinking. Photo-crosslink hydrogel, with its highly 
water-containing three-dimensional network, prolongs its residence 
time on the ocular surface when treating dry eye. This prolonged contact 
helps maintain continuous moisture in the eye and reduces the need for 
frequent eye drop usage. Additionally, the incorporation of drugs within 
the hydrogel’s 3D network structure enables sustained drug release, 
further supporting the repair and regeneration of ocular tissues. The 
photo-crosslink hydrogel drug delivery system offers a novel approach 
to dry eye treatment and is poised to enhance the quality of life and 
therapeutic outcomes for patients with dry eye through its unique drug 
release mechanism and benefits. 

5.2.2. Corneal inflammation 
Corneal chemical burn is one of the serious emergency ocular dis-

eases, among which severe ocular chemical burn is mostly caused by 
strong alkali, corneal inflammation caused by alkali burn and the sub-
sequent corneal neovascularization are one of the reasons for corneal 
turbidity and even blindness. Timely intervention reduces the occur-
rence of [186]. Soiberman et al. designed a subconjunctival injection gel 
based on G4-PAMAM dendrimer, hyaluronic acid and dexamethasone 
(Dex) (Fig. 6B). After photo-crosslinking, the Dex bioavailability 
improved and the drug release can be sustained. By constructing a rat 
model of alkali burn, the hydrogel was selectively targeted and localized 
to macrophages. It showed that the central thickness of cornea 
decreased, the transparency increased, and the corneal neovasculation 
and inflammatory factors decreased after the use of the photo-crosslink 
hydrogel. Compared with free dexamethasone, the hydrogel has better 
anti-inflammatory effect, and may become a potential drug delivery 
platform for other inflammatory ocular surface diseases (dry eye et al.), 
and present a good application prospect [179]. Sun et al. synthesized 
photo-crosslinked in situ hyaluronic acid (HA) hydrogel by inducing the 
sulfhydryl reaction through blue light, and tested its therapeutic effect 
on the rat model of corneal alkali burn (Fig. 6C). The results showed that 
compared with the use of HA eye drops, the photo-crosslinked HA 
hydrogel had better pharmacological effects. It promoted corneal 
re-epithelialization and reduced neovascularization, making it a new 
effective treatment for corneal alkali burns [180]. Huang et al. designed 
a hydrogel composite material based on acrylic gelatin and methacrylate 
groups through photo-initiator free radical polymerization as triamcin-
olone cinolone (TA) carrier for the treatment of corneal neovasculature 
(Fig. 6D) [181]. Xeroudaki et al. utilized cellulose nanofibers to rein-
force pig skin collagen, which was subsequently chemically and 
photo-crosslinked after being loaded with dexamethasone, resulting in 
the formation of a double-crosslinked hydrogel. The double-crosslinked 
hydrogel exhibited excellent optical transparency and mechanical 
strength while maintaining corneal thickness as well as corneal stromal 
morphology. In addition, the double-crosslinked hydrogel supported the 
continuous release of dexamethasone in vitro for 60 days, resulting in 

decreased production of pro-inflammatory cytokines in human corneal 
epithelial cells, decreased corneal haze and vascular invasion, providing 
new ideas for the treatment of corneal stromal diseases after corneal 
transplantation [182]. Chemical injuries to the cornea represent serious 
and urgent conditions in ophthalmology, with primary treatment 
focusing on the prompt removal of the causative agent and early 
medication administration. Leveraging photo-crosslink technology, 
hydrogels can be rapidly cured and bonded, facilitating immediate 
treatment of corneal inflammation and promoting epithelial regenera-
tion, thereby expediting the repair of corneal damage. 

5.2.3. Retinal neovascularization 
The retinal neovascularization and choroid neovascularization are 

the two leading causes of retinal blindness. Intravitreal injection of anti- 
VEGF drugs which blocks the activity of VEGF and inhibits the formation 
of pathogenic angiogenesis in the eye, which is the most effective 
treatment for ocular neovascularization diseases [187,188]. However, 
intravitreal injection also has limitations, such as the increased inci-
dence of endophthalmitis due to frequent injection. Long-term, slow 
release of intravitreal drugs through hydrogel-loaded formulations re-
duces the frequency of intravitreal injections, enhances patient 
compliance, and mitigates the risk of eye infection [189]. Shen et al. 
constructed an intraocular injection delivery system based on GelMA 
and TA,which has low toxicity and swelling rate, good biocompatibility 
and slower and longer release kinetics than TA suspension. The results of 
the photo-crosslink hydrogel implantation in rabbit eyes showed all 
layers of rabbit eye retinal tissue function is normal. Therefore, the use 
of photo-crosslink hydrogel as a biologic drug carrier holds promise in 
the treatment of posterior ocular diseases [183]. Currently, the main 
treatment modalities for retinal neovascularization include vitreous in-
jection of anti-VEGF drugs, laser photocoagulation, and photodynamic 
therapy (PDT). Utilizing photo-crosslink hydrogels to construct carriers 
loaded with anti-VEGF drugs enables the inhibition of neo-
vascularization formation and development through localized drug 
release. Additionally, retinal neovascularization is prone to rupture and 
bleeding, and the fibrous tissue formed after bleeding cessation can exert 
traction on the retina, increasing the risk of retinal detachment. By 
injecting photo-crosslink hydrogel loaded with anti-VEGF drugs into the 
vitreous cavity, not only can retinal neovascularization be inhibited 
through prolonged VEGF release, but it also acts as a vitreous substitute 
to facilitate retinal repositioning. Incorporating photo-responsive ma-
terials into the hydrogel enables remote control and stimulation of nerve 
cells, potentially playing a crucial role in treating nerve injuries or 
neurodegenerative diseases induced by retinal detachment. 

5.3. 3D printing 

3D printing is a technology that creates 3D physical substances from 
digital technology, identifies the digital technology by layers through 
computer software, and sends it to the machine in the form of in-
structions for layer-by-layer printing to fabricate 3D objects with 

Table 2 
Photo-crosslink hydrogels for drug delivery applications.  

Direction Application Materials Curative Effect Ref. 

Drug 
Delivery 

Dry Eye PEGNB/ 
HAMA 

Increase tear secretion, inhibit ocular surface inflammation, promote epithelial damage repair [177] 

SFMA/FTN Matching irregular tear ducts, improving tear film breakup time, and increasing conjunctival cup cell count [178] 
Corneal Inflammation G4-PAMAM/ 

HA 
Targeting macrophages to reduce corneal neovascularization and inflammatory factors [179] 

HA Promoting corneal re-epithelialization and reducing neovascularization [180] 
Acrylic 
gelatin 

High drug carrier and long-lasting slow-release ability, effectively inhibiting corneal neovascularization [181] 

Collagen Maintaining corneal thickness and stromal morphology, reducing corneal epithelial inflammatory factors, and 
reducing corneal haze and vascular invasion 

[182] 

Retinal 
Neovascularization 

GelMA With long-lasting drug slow-release effect, the whole layer of rabbit ocular transretinal tissue functioned 
normally after implantation 

[183]  
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Fig. 6. Representative diagram of photo-crosslink hydrogels applied for dry eye and corneal inflammation. (A) Synthesis and application of SFMA/FTN hydrogel 
plugs. Reproduced with permission from Ref. [178]. Copyright 2022 WILEY-VCH. (B) A schematic representation of formation of D-Dex loaded injectable gel by 
thiol-ene click chemistry. Reproduced with permission from Ref. [179]. Copyright 2017 Elsevier. (C) Schematic images of hyaluronic acid (HA) hydrogel formation. 
Reproduced with permission from Ref. [180]. Copyright 2022 Elsevier. (D) Synthesis and application of the double-crosslinked hydrogel. Reproduced with 
permission from Ref. [181]. Copyright 2022 Elsevier. 
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predefined structures [190,191]. The most common bioprinting tech-
niques are extrusion-based printing and light-based printing [192]. 
Light-based 3D bioprinting primarily encompasses DLP printing, 
SLA-based printing, and laser-assisted printing. Due to the precision and 
sensitivity of light, the method offers higher accuracy, printing resolu-
tion, and speed. The reaction conditions are also milder, making it 
suitable for printing cells with high vitality and achieving high resolu-
tion [193]. As an advanced biomanufacturing technology, 3D printing 
technology embedded with cyto-compatible materials to achieve accu-
rate reproduction of tissue or organ structures to replace injured or 
diseased tissues, providing a new idea for the regeneration of complex 
tissues or organ systems [194,195] (Table 3). 

5.3.1. Cornea 
Corneal regeneration has always been a challenge due to the complex 

structure of the cornea which 3D printing appeared to tackle the prob-
lem. He et al. designed and synthesized a polyethylene glycol diacrylate 
(PEGDA)/GelMA hydrogel, and constructed a corneal scaffold loaded 
with rabbit corneal epithelial cells and rabbit adipose-derived mesymal 
stem cells (rASCs) using a photo-crosslink 3D bio-printer (BP8600), 
which has sufficient mechanical properties, high light transmittance and 
shape fidelity, suitable swelling degree and degradation rate. In addi-
tion, PEGDA/GelMA hydrogel present excellent cytocompatibility, 
which supported cell adhesion, proliferation and migration, and the 
embedded cells existed a high survival rate during the printing process 
(Fig. 7A). After the cell-encapsulated hydrogel was implanted in vivo, 
postoperative results demonstrated that the hydrogel accelerated 
epithelial healing and stromal regeneration, the dual function of corneal 
epithelial cells and stem cells provided the most effective regeneration 
environment for corneal stromal cells [196]. Corneal curvature plays an 
important role in the recovery and regeneration of corneal epithelium. 
The adhesion of natural corneal epithelium in different areas of the 
cornea is different, and the stability of tear film and epithelium on 
curved surface is higher than that on plane [205]. Xu et al. used collagen 
and photo-crosslinked GelMA hydrogel to prepare a smooth surface 
corneal repair material with curvature structure through 
temperature-controlled 3D printing technology, which is used to pro-
mote corneal stroma regeneration and corneal function recovery 
(Fig. 7B). 180 days after implantation in vivo, it was found that compared 
with the planar structure, the convex structure inhibited the formation 
of fibroblasts, and better promoted the epithelialization of corneal de-
fects, cell adhesion and neuronal regeneration. The structure and func-
tion of the convex structure indicated that it had a good prospect in the 
field of corneal replacement [197]. As a transparent membrane exposed 
to the environment, the cornea is highly fragile, yet most blinding 
corneal diseases can be effectively treated with corneal transplants. 
However, the scarcity of donated corneas, coupled with the challenges 
associated with donation, has resulted in an extreme shortage of these 
resources. Through personalized design and 3D printing, corneal struc-
tures with higher precision can be fabricated, thus mitigating the global 

shortage of corneal resources to some extent. However, despite the 
progress made in 3D printing cornea technology, it still faces several 
challenges. These include determining how to implant artificial corneas 
and improving corneal structure while ensuring its refractive function. 
In summary, 3D printed cornea technology is experiencing rapid 
development, driving progress in the 3D printing industry and intro-
ducing new therapeutic approaches to ophthalmology. Nevertheless, 
addressing existing difficulties and challenges requires further innova-
tive research. 

5.3.2. Conjunctiva 
The conjunctiva includes the palpebral conjunctiva, the fornix con-

junctiva and the bulbar conjunctiva, and the non-keratinized epithelial 
region contains mucus-producing goblet cells [206]. As a component of 
the ocular surface, the conjunctiva plays a crucial role in protecting the 
ocular surface and maintaining the stability of the tear film. Its integrity 
is essential for a healthy ocular surface and clear vision [207]. Severe 
conjunctival defects resulting from immune diseases, trauma, chemical 
or thermal burns, or surgery involving the conjunctiva compromise the 
integrity of the ocular surface and impair visual function, therefore, 
conjunctival reconstruction is imperative in restoring ocular health and 
preserving vision [208]. Stem cell therapy based on conjunctival stem 
cells (CjSCs) has become one of the important strategies for conjunctival 
reconstruction. Zhong et al. developed a CjSCs expansion method in vitro 
based on bioprinting technology of digital light processing (DLP), that is, 
hydrogel for loaded delivery of CjSCs (Fig. 7C). The 3D printed hydrogel 
present adjustable mechanical properties and excellent cell compati-
bility, which maintained the high vitality of CjSCs while supporting their 
self-renewal ability. By constructing a rabbit subconjunctival injection 
model, the injectability and post-injection vitality of the hydrogel were 
further verified, providing a new minimally invasive treatment of 3D 
printed cell-supported hydrogel for ocular surface regeneration [198]. 
3D printing technology holds significant promise in tissue reconstruc-
tion, and researchers are currently exploring suitable biocompatible 
materials to offer novel solutions for conjunctival reconstruction. 
Culturing Conjunctival Stem Cells (CjSCs) in 3D printing ink facilitates 
cell attachment and growth. While early experiments with 3D printed 
conjunctiva technology have shown promise, further scientific studies 
and clinical evaluations are necessary in the future to confirm its 
biocompatibility and long-term stability. 

5.3.3. Crystalline lens 
At present, the most effective way to treat cataract is intraocular lens 

implantation, however, uniform intraocular lens cannot meet people’s 
increasingly personalized needs [192,209]. 3D printing holds significant 
potential in biomedical engineering research and ophthalmology ap-
plications, and it enables the design of personalized lenses through 
digital modeling, fitting into the lens sac and potentially addressing 
patients’ refractive errors simultaneously [210]. Li et al. prepared 
polyacrylamide sodium acrylate hydrogel (PAH) intraocular lens (IOL) 

Table 3 
Photo-crosslink hydrogels for 3D printing applications.  

Direction Application Materials Curative Effect Ref. 

3D 
printing 

Corneal PEGDA/GelMA Excellent cytocompatibility, supporting cell adhesion, proliferation and migration, accelerating epithelial healing 
and matrix regeneration 

[196] 

GelMA Promoting re-epithelialization of corneal defects, cell adhesion and neuronal regeneration [197] 
Conjunctiva GelMA Loading delivery of CjSCs,as well as maintaining their vitality and dryness [198] 
Crystalline Lens PAH With good transparency and cytocompatibility, no increase in inflammatory cells in the anterior chamber angle 

after implantation 
[199] 

Retinal HAMA Construction of a multilayered tissue model with the same arrangement and localization as the natural retina and 
good cell viability of PR obtained by co-differentiation 

[200] 

Orbital Implant Ca2–Zn–Si–O7 Good cell adhesion, cell viability and angiogenic effects [201] 
Corneal Contact 
Lens 

Poly-NAGA- 
GelMA 

Maintaining epithelial phenotype and avoiding its excessive transformation to keratinocytes-myofibroblasts; 
inhibiting inflammation and promoting tissue regeneration 

[202] 

Lacrimal Plug PEGDA/PEG400 Long-acting and sustained-release drug-loaded lacrimal plug with broad promise in dry eyes [203] 
Biosensor IP-VISIO Extremely low response of the grafted foreign body, and can accurately sense and respond to physiological stimuli [204]  
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material using 3D printing technology, which present good transparency 
and cell compatibility, and showed no significant changes in cell 
viability when co-cultured with human lens epithelial cells (LECs) or 
ARPE19 cells (Fig. 7D). In comparison to intraocular lens implantation, 
there was no significant difference observed in the number of inflam-
matory cells in the anterior chamber following the implantation of the 
hydrogel crystal material. This suggested that the preparation of 
hydrogel intraocular lenses using 3D printing technology holds potential 
clinical value [199]. Through computer-aided digital modeling, 3D 
printing technology achieves precise control over the shape and size of 
the lens on a microscopic scale, thereby optimizing material properties 

and meeting the personalized needs of patients. However, transitioning 
from a lens structure that is “shape-like” to one that functions with the 
precision of a “god-like” lens remains a significant challenge for the 
future. 

5.3.4. Retina 
The retina is a complex tissue responsible for collecting information 

about light from the external environment and transmitting it to the 
brain. It is divided into ten layers: retinal pigment epithelium (RPE), 
photoreceptors (PR), outer limiting membrane (OLM), outer nuclear 
layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), 

Fig. 7. Representative diagram of photo-curing hydrogels applied for 3D printing. (A) Components of ink and schematic illustration of network formation in PEGDA- 
GelMA hydrogel. Reproduced with permission from Ref. [196]. Copyright 2022 Elsevier. (B) Fabrication of 3D-printed convex cornea. Reproduced with permission 
from Ref. [197]. Copyright 2023 Wiley-VCH. (C) Bioprinting of CjSC-loaded Hydrogel Micro-constructs with Tunable Mechanical Properties. Reproduced with 
permission from Ref. [198]. Copyright 2021 Elsevier. (D) Synthesis of the PAH 3D-printed IOL. Reproduced with permission from Ref. [199]. Copyright 2020 IJO. (E) 
Bilayer printing of fluorescent labelled hydrogels. Reproduced with permission from Ref. [200]. Copyright 2018 Elsevier. (F) Scheme illustration of the preparation 
process for digital light processing 3D printed porous bio-ceramic scaffolds. Reproduced with permission from Ref. [201]. Copyright 2022 Elsevier. 
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inner plexiform layer (IPL), ganglion cells layer (GCL), nerve fiber layer 
(NFL) and internal limiting membranes. Each layer structure has unique 
functions, and its functional and structural integrity is closely related to 
retinal functional integrity [211]. In human retina, cells with specific 
functions are embedded in the extracellular matrix (ECM) in a 
multi-layered structure, which is mainly composed of hyaluronic acid 
(HA), which has an important influence on the function and growth of 
photoreceptor cells [212,213]. Recently, 3D printed bio-simulated mi-
crostructures received a lot of attention in the retinal field. Wang et al. 
proposed a strategy that integrates physical and chemical signals by 
introducing methacrylate groups to form methacrylic hyaluronic acid 
(HAMA), changing its compression modulus to match retina (Fig. 7E). 
And the cells were encapsulated by HAMA and layered HAMA-RPE and 
HAMA-RPC were printed by 3D printing technology to guide cell dif-
ferentiation through the regulation of nutrient and growth factor 
diffusion gradient. A multi-layer tissue model mirroring the natural 
arrangement of the retina was constructed, and cell experiments yielded 
promising results. Photoreceptor cells obtained through the 
co-differentiation of retinal pigment epithelium and retinal progenitor 
cells demonstrated robust cell viability [200]. The application of 3D 
printing technology in the field of the retina is expanding, and the 
integration of stem cells and 3D printing has facilitated the recon-
struction of functional retinas. This technological advancement has 
significantly contributed to the development of ophthalmology and 
introduced new ideas and methods for researching and treating 
ophthalmic diseases. The fabrication of retinal organoids via 3D printing 
holds immense promise, although there have been fewer scientific 
breakthroughs in this area thus far. By constructing 3D retinal organo-
ids, it becomes possible to overcome interspecies differences and 
simulate the normal growth and development of the human retina, 
thereby providing a foundational model for in vitro research in the field 
of retina. 

5.3.5. Orbital implant 
In some cases of severe ocular trauma or disease, the eyeball needs to 

be removed and an orbital implant inserted to achieve good visual re-
sults [214–216]. The existing orbital implants mainly include autolo-
gous materials, polymer implants, ceramic implants, magnetic implants, 
composite implants and other biological materials [215]. The utilization 
of 3D printing technology for preparing orbital implants can meet the 
demands of individual differences and achieve a more accurate resto-
ration of the volume of individual eyeballs [217]. Wang et al. developed 
a novel multifunctional Ca–Zn-silicate bio-ceramic implants by fabri-
cating a hierarchical porous hard calcite (Ca2ZnSi2O7) scaffold with a 
three-period minimum surface (TPMS) based porous structure and a 
graded pore size distribution using projective photo curing 3D printing 
technology (Fig. 7F). The graded porous scaffolds exhibited controlled 
biolysis behavior and moderate mechanical strength compared to scaf-
folds with uniform pore size, and cell experiments demonstrated 
enhanced cell adhesion, cell viability, and angiogenesis. The new anti-
bacterial hard quartz bio-ceramics with gradient pore design have great 
potential for application in orbital implants, and the pore-topological 
features offer the possibility of improving biological performance in 
orbital reconstruction [201]. Currently, the utilization of 3D printing 
technology in crafting artificial prosthetic eye technology has reached a 
relatively advanced stage. However, addressing individual variations in 
restoring the volume of a patient’s eye while simultaneously restoring 
retinal function poses numerous challenges. One potential solution lies 
in leveraging 3D printing technology alongside diode or semiconductor 
technology to fabricate miniature light sensors. These sensors have the 
capability to swiftly capture subtle changes in light and convert external 
images into current signals that can be transmitted back to the brain. 
This innovative approach holds promise for restoring eyesight in pa-
tients and may represent a future solution to this complex issue. 

5.3.6. Ophthalmic device 

5.3.6.1. Corneal contact lens. Refractive error refers to the condition in 
which parallel light rays pass through the optical system of the eye 
without accurately landing on the retina. Uncorrected refractive errors 
stand as the second leading cause of blindness worldwide and addressing 
refractive errors significantly enhances the quality of life and yield 
socio-economic benefits [218]. 3D printing prepares specific contact 
lenses according to individual corneal needs. Jia et al. made hydrogel 
lenses through digital light processing (DLP)-bioprinting based on 
poly-NAGA-GelMA (PNG) bio-inks (Fig. 8A). It had good optical trans-
parency, mechanical stability, hydrophilicity and biocompatibility. As a 
corneal stroma implants, the hydrogel lens adhered firmly to corneal 
epithelial cells and maintained their epithelial phenotype, avoiding 
excessive keratinating-myofibroblast transformation. In addition, the 
hydrogel lens activated type 2 immunity, promoted tissue regeneration, 
and suppressed inflammation. One month after implantation, there were 
no significant changes in IOP, corneal sensitivity, and tear production at 
postoperative follow-up, suggesting that DLP bio-printed PNG hydrogel 
lenses offer a potential therapeutic strategy for correcting refractive 
errors [202]. Photo-crosslink hydrogels, as water-swollen 3D polymer 
networks, hold significant potential in the market for corneal contact 
lenses. The research and development of 3D printed corneal contact 
lenses represent a crucial advancement in ophthalmology in recent 
years. Through the utilization of suitable biocompatible materials via 3D 
printing technology, highly customized production of corneal contact 
lenses can be achieved, thereby enhancing comfort and efficacy during 
wear. The potential value of these lenses in ophthalmology will be 
further elevated by enhancing printing accuracy, biocompatibility, 
long-term stability, and reducing production costs. 

5.3.6.2. Lacrimal plug. Eye drops are a common treatment for the Dry 
Eye, but their effectiveness is limited [15,219]. In the study of Xu et al., 
dexamethasone-loaded lacrimal plug was prepared by 3D printing 
technology, which was composed of polyethylene glycol diacrylate 
(PEGDA) and polyethylene glycol 400 (PEG 400), which realized the 
loading of different concentrations of drugs by creating a 
semi-interpenetrating network (semi-IPN) (Fig. 8B). In addition, the 
researchers evaluated the release dynamics of lacrimal plugs in vitro by 
using an internal flow device model that mimics the subconjunctival 
space. The results indicated that dexamethasone achieved sustained 
release for up to 7 days in a lacrimal stopper made of 20 % w/w PEG 
400/80 % w/w PEGDA. In contrast, the release time for the lacrimal 
stopper made of 100 % PEGDA exceeded 21 days. The study demon-
strated that 3D printing technology could be used to manufacture 
drug-loaded lacrimal stopper with long-term slow-release effect, which 
has broad prospects in dry eye treatment [203]. Tear duct embolization 
represents an innovative approach to treating dry eye. The utilization of 
3D printing in the preparation of tear duct embolization presents a novel 
avenue for ophthalmic treatment. Through precise computer-regulated 
design and fabrication, tear duct embolization can be tailored to indi-
vidual specifications, enabling accurate blockage of the patient’s tear 
ducts and facilitating tear aggregation on the eye’s surface, thereby 
alleviating dry eye symptoms. By selecting different hydrogel materials, 
the time requirements for permanent or temporary embolization in 
different patients can be met, while the addition of drugs can prolong 
drug residence time and enhance drug efficacy. Although current 3D 
printing of tear duct embolization poses certain challenges, leveraging 
3D printing for personalized medicine can better address the evolving 
therapeutic needs of the modern era. 

5.3.6.3. Biosensor. Integrating biological cells with sensors, wherein 
living cells become part of a biosensing element, yields a sensor known 
as a biohybrid sensor, and the biohybrid sensor sensitively detect small 
physiological changes in the body [220]. The anterior chamber angle is 
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possible for tissue engineering and hybridization because of its immune 
properties and transparency [221]. Kavand et al. utilized two-photon 
polymerization technology to conduct 3D printing based on islet 
microtissue, resulting in the development of a bio-hybrid sensor. This 
sensor was affixed at the angle of the anterior chamber using a 
photo-resin material (IP VISIO), renowned for its outstanding trans-
parency. It demonstrated precise sensing and response to physiological 
stimuli while exhibiting commendable biocompatibility (Fig. 8C). The 
results of in vivo transplantation show that, it had the smallest foreign 
body reaction (FBR), and corneal transparency and tissue morphology 
were not affected after 20 W transplantation. In addition, it maintained 
the functional integrity of islet cells. After using the gene-encoded Ca2+

indicator GCaMP3, it was found that capillary buds and new blood 
vessels could be formed in the islets within 2–4 days after trans-
plantation under the microscope [204]. The study establishes a foun-
dation for future biological tissue engineering and biohybrid 
technology. It also introduces new ideas and methods for the potential 
treatment of eye diseases in the future. By incorporating functional 
materials, structures printed via 4D printing, which builds upon 3D 
printing technology, can undergo structural changes in response to 
external stimuli. This capability enables the simulation of unique func-
tions observed in natural tissues, such as parasympathetic excitation 
leading to pupil constriction via acetylcholine release [222]. Through 
the application of 3D and 4D printing technology, the development of 
biosensors mimicking the photoreceptor function of the retina becomes 
feasible. This advancement facilitates personalized medicine by repli-
cating the natural structure of eye tissues to achieve the precision of 
structural hierarchy and natural function of the retina. Such innovations 
hold immense promise in the field of ophthalmology for the future. 

6. Conclusion and prospect 

The eye, a vital organ in the human body, serves multiple functions, 
among which the sense of vision stands out as particularly crucial. 
Millions of people around the world suffer from ocular diseases, which 
are intricately linked to the destruction of the structural and functional 
integrity of the eye. As an organ exposed to the environment directly, the 
eye is highly susceptible to stimuli, although there are certain barriers 
within the body, such as the ocular surface barrier, this also affects the 
absorption and utilization of ocular drugs to a certain extent. Topical eye 
drops are currently the most common form of ophthalmic drugs, which 
contacts the ocular surface and reduces the obstruction of drugs by the 
blood-ocular barrier, but they are also subject to the effects of tear 
flushing and mechanical movements such as eye blinking, which bring 
about a decrease in the concentration and dosage of the drugs, thus 
causing a lack of bioavailability. More effective treatments are needed to 
ensure that the drug reaches the site of disease and works for a longer 
period of time. Simultaneously, the unique immune environment of the 
eye has fostered well-developed research in regenerative medicine 
within ophthalmology, particularly in the replacement of eye tissue 
using various biological materials. Regenerative medicine in ophthal-
mology has propelled the continuous advancement of tissue-engineered 
cornea, tissue-engineered retina, and other related fields. The emer-
gence of 3D printing technology has expedited the application of bio-
materials in ophthalmology. Photo-crosslink hydrogel in the field of 
ophthalmology is a research hotspot in recent years, as a widely used 
biomaterials which has the advantages of high biocompatibility, more 
convenient and controllable using light modulation, high water content, 
and a mesh structure for encapsulation of cells or drugs, so it has 
attracted a lot of attention in the fields of tissue engineering, drug 

delivery and 3D bioprinting. 
Although some photo-crosslink hydrogels are not currently utilized 

in medical applications, they hold potential for future medical use. For 
instance, in a recent study conducted by Ekblad et al., polyethylene 
glycol (PEG)-based hydrogel coatings were prepared using 2-hydrox-
yethyl methacrylate (HEMA) and poly(ethylene glycol) methacrylate 
(PEGMA) via UV irradiation free radical polymerization. The coatings 
underwent a six-month evaluation in artificial seawater, revealing 
remarkable stability and exhibiting broad-spectrum antifouling prop-
erties. In addition, the hydrogel coating exhibited low adsorption for 
complex fluids such as proteins and plasma, and has the advantage of 
being simple to prepare and easy to quantify industrially [223]. As 
medical technology advances, the utilization of implantable medical 
devices has become widespread. However, there exists a risk of micro-
organisms, proteins and platelets adhering to these devices upon im-
plantation within the body. This adherence can subsequently lead to 
inflammation and thrombosis at the implantation site. The introduction 
of Marine Antifouling Field antifouling film hydrogel coatings on 
implantable medical devices inhibits the adhesion and proliferation of 
microorganisms, proteins, and platelets on the surface of the device, 
thereby reducing the potential for inflammation, thrombosis, and the 
incidence of post-treatment side effects in patients, and increasing the 
lifespan of the implantable medical device. Hence, while the anti-fouling 
hydrogel developed for marine applications has not yet been utilized in 
the medical field, it holds significant promise for biomedical applica-
tions. This potential can be realized through enhancements in biocom-
patibility, control over degradation properties and mechanical 
characteristics, as well as increased adhesion to medical devices. 

This review provides a comprehensive description of photo-crosslink 
hydrogels, encompassing their types, modes of action, and applications 
in ophthalmology, with a primary focus on tissue engineering, drug 
delivery and 3D printing. In general, photo-crosslink hydrogels regulate 
the physicochemical properties of hydrogels by adjusting the exposure 
intensity and time due to their photocontrol nature and the eye, as an 
external organ, has the accessibility of light regulation, which increases 
the possibility of research on photo-crosslink hydrogels in ophthal-
mology. Moreover, photo-crosslink hydrogels possess a hydrophilic 
porous structure with excellent cytocompatibility. They can encapsulate 
cells for tissue engineering regeneration or ocular structural substitu-
tion, and also encapsulate drugs for fundus medication delivery. Addi-
tionally, the fitness of hydrogels with individuals can be enhanced 
through 3D printing. So far, a variety of substances delivered to the eye 
through photo-crosslink hydrogels, including drugs, genes, bioactive 
molecules and stem cells. There are also a variety of structures that can 
be formed by 3D printing or photo-crosslink hydrogels for substitution, 
including corneal contact lenses and vitreous body. These advances are 
aimed at improving the effectiveness and safety of ophthalmic treat-
ments, and providing a new strategy for precision ophthalmic 
treatments. 

Currently, the diagnosis and treatment of ophthalmic diseases based 
on photo-crosslink hydrogels are primarily in the early stages in the 
laboratory. Although some positive results have been achieved in ex-
periments, there are still challenges in translating these findings to 
clinical applications. Indeed, several factors contribute to this situation. 
First of all, one of the reasons for the low conversion is the disconnection 
between product development and application. The path of trans-
formation of scientific and technological achievements is complicated, 
which requires professional evaluation standards for technical assess-
ment of scientific and technological achievements, as well as specialized 
organizations and institutions to provide technical and theoretical 

Fig. 8. Representative diagram of photo-crosslink hydrogels applied for ophthalmic device. (A) Schematic illustration of DLP-bioprinting poly-NAGA-GelMA-based 
hydrogel for correcting refractive errors. Reproduced with permission from Ref. [202]. Copyright 2023 IOP. (B) Schematic representation of the DLP 3D printing 
process for punctal plug. Reproduced with permission from Ref. [203]. Copyright 2021 MDPI. (C) Schematic overview of localization, transplantation, and appli-
cation of pancreatic islet biohybrid microstructures. Reproduced with permission from Ref. [204]. Copyright 2023 WILEY-VCH. 
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guidance services and financial guarantees. Moreover, one of the rea-
sons for the low transformation rate is the insufficient technical capa-
bility of the transformation process itself. Before clinical application, a 
large number of researches are needed to prove its mechanism of action, 
drug distribution and metabolism, which is very important for whether 
the material itself plays an effective and safe role, furthermore, the 
current pre-laboratory research on animal experiments mainly focuses 
on the study of mice and rabbits, and seldom uses the monkey model, 
and the immune composition and physiological structure of animals are 
different from that of human beings. Moreover, the immune composi-
tion and physiological structure of animals are different from that of 
human beings, and the results of animals cannot replace the results of 
human beings. Enhancing the credibility of experimental results in-
volves meticulous experimental design, rigorous methodologies, and 
robust statistical analyses. Establishing more reliable animal models 
requires a thorough understanding of the biological mechanisms 
involved and continuous refinement of the model parameters. For low- 
cost clinical trials, strategic planning, collaboration, and efficient 
resource utilization are essential to address challenges and optimize the 
trial design. Once the aforementioned challenges are addressed, there is 
the potential for the application of photo-crosslink hydrogels in the 
treatment of ophthalmic diseases. 
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[98] S.P. Gherman, G. Biliuță, A. Bele, A.M. Ipate, R.I. Baron, L. Ochiuz, A.F. Șpac, D. 
E. Zavastin, Biomaterials based on chitosan and polyvinyl alcohol as a drug 
delivery system with wound-healing effects, Gels 9 (2023) 122, https://doi.org/ 
10.3390/gels9020122. 

[99] S. Van Nguyen, B.-K. Lee, Polyvinyl alcohol/cellulose nanocrystals/alkyl ketene 
dimer nanocomposite as a novel biodegradable food packing material, Int. J. Biol. 
Macromol. 207 (2022) 31–39, https://doi.org/10.1016/j.ijbiomac.2022.02.184. 

[100] S.G. Jin, Production and application of biomaterials based on polyvinyl alcohol 
(PVA) as wound dressing, Chem. Asian J. 17 (2022) e202200595, https://doi. 
org/10.1002/asia.202200595. 

[101] H.-T. Hsieh, H.-M. Chang, W.-J. Lin, Y.-T. Hsu, F.-D. Mai, Poly-methyl 
methacrylate/polyvinyl alcohol copolymer agents applied on diabetic wound 
dressing, Sci. Rep. 7 (2017) 9531, https://doi.org/10.1038/s41598-017-10193-5. 

[102] M. Goldvaser, E. Epstein, O. Rosen, A. Jayson, N. Natan, T. Ben-Shalom, 
S. Saphier, S. Katalan, O. Shoseyov, Poly(vinyl alcohol)-methacrylate with CRGD 
peptide: a photocurable biocompatible hydrogel, J. Tissue Eng. Regen. Med. 16 
(2022) 140–150, https://doi.org/10.1002/term.3265. 

[103] L. Wang, L. Duan, G. Liu, J. Sun, M. Shahbazi, S.C. Kundu, R.L. Reis, B. Xiao, 
X. Yang, Bioinspired polyacrylic acid-based dressing: wet adhesive, self-healing, 
and multi-biofunctional coacervate hydrogel accelerates wound healing, Adv. Sci. 
10 (2023) 2207352, https://doi.org/10.1002/advs.202207352. 

[104] J. Liu, N. Hu, Y. Xie, P. Wang, J. Chen, Q. Kan, Polyacrylic acid hydrogel coating 
for underwater adhesion: preparation and characterization, Gels 9 (2023) 616, 
https://doi.org/10.3390/gels9080616. 

[105] M. Simeonov, B. Kostova, E. Vassileva, Interpenetrating polymer networks of 
polyacrylamide with polyacrylicand polymethacrylic acids and their application 
for modified DrugDelivery - a flash review, Pharm. Nanotechnol. 11 (2023) 
25–33, https://doi.org/10.2174/2211738510666220919103514. 

[106] Y. Onuki, M. Nishikawa, M. Morishita, K. Takayama, Development of 
photocrosslinked polyacrylic acid hydrogel as an adhesive for dermatological 
patches: involvement of formulation factors in physical properties and 
pharmacological effects, Int. J. Pharm. 349 (2008) 47–52, https://doi.org/ 
10.1016/j.ijpharm.2007.07.021. 

[107] T. Shimamoto, T. Nakakubo, T. Noji, S. Koeda, K. Kawakami, N. Kamiya, 
T. Mizuno, Design of PG-surfactants bearing polyacrylamide polymer chain to 
solubilize membrane proteins in a surfactant-free buffer, Int. J. Mol. Sci. 22 
(2021) 1524, https://doi.org/10.3390/ijms22041524. 

[108] A. Wolfel, M. Jin, J.I. Paez, Current strategies for ligand bioconjugation to poly 
(acrylamide) gels for 2D cell culture: balancing chemo-selectivity, 
biofunctionality, and user-friendliness, Front. Chem. 10 (2022) 1012443, https:// 
doi.org/10.3389/fchem.2022.1012443. 

[109] J. Li, J. Shen, B. Zhuang, M. Wei, Y. Liu, D. Liu, W. Yan, X. Jia, Y. Jin, Light- 
triggered on-site rapid formation of antibacterial hydrogel dressings for 
accelerated healing of infected wounds, Biomater. Adv. 136 (2022) 212784, 
https://doi.org/10.1016/j.bioadv.2022.212784. 

[110] L. Han, J. Xu, X. Lu, D. Gan, Z. Wang, K. Wang, H. Zhang, H. Yuan, J. Weng, 
Biohybrid methacrylated gelatin/polyacrylamide hydrogels for cartilage repair, 
J. Mater. Chem. B 5 (2017) 731–741, https://doi.org/10.1039/C6TB02348G. 

[111] L. Lu, S. Yuan, J. Wang, Y. Shen, S. Deng, L. Xie, Q. Yang, The Formation 
mechanism of hydrogels, Curr. Stem Cell Res. Ther. 13 (2018) 490–496, https:// 
doi.org/10.2174/1574888X12666170612102706. 

[112] B.D. Fairbanks, L.J. Macdougall, S. Mavila, J. Sinha, B.E. Kirkpatrick, K.S. Anseth, 
C.N. Bowman, Photoclick chemistry: a bright idea, Chem. Rev. 121 (2021) 
6915–6990, https://doi.org/10.1021/acs.chemrev.0c01212. 

[113] V.M. Lechner, M. Nappi, P.J. Deneny, S. Folliet, J.C.K. Chu, M.J. Gaunt, Visible- 
light-mediated modification and manipulation of biomacromolecules, Chem. Rev. 
122 (2022) 1752–1829, https://doi.org/10.1021/acs.chemrev.1c00357. 

[114] A.C. Alavarse, E.C.G. Frachini, R.L.C.G. Da Silva, V.H. Lima, A. Shavandi, D.F. 
S. Petri, Crosslinkers for polysaccharides and proteins: synthesis conditions, 
mechanisms, and crosslinking efficiency, a review, Int. J. Biol. Macromol. 202 
(2022) 558–596, https://doi.org/10.1016/j.ijbiomac.2022.01.029. 

[115] W. Hu, Z. Wang, Y. Xiao, S. Zhang, J. Wang, Advances in crosslinking strategies of 
biomedical hydrogels, Biomater. Sci. 7 (2019) 843–855, https://doi.org/ 
10.1039/C8BM01246F. 

[116] A. Reyhani, T.G. McKenzie, Q. Fu, G.G. Qiao, Fenton-chemistry-mediated radical 
polymerization, macromol, Rapid Commun. 40 (2019) 1900220, https://doi.org/ 
10.1002/marc.201900220. 

[117] J. Zhu, Y. Zhu, Z. Li, Z. Yu, X. Guan, R. Liu, Y. Yagci, Chemiluminescence-induced 
free radical–promoted cationic polymerization, Macromol. Rapid Commun. 41 
(2020) 2000004, https://doi.org/10.1002/marc.202000004. 

[118] S. Zhu, X. Wang, Y. Cong, L. Liu, L. Li, Free radical polymerization of gold 
nanoclusters and hydrogels for cell capture and light-controlled release, ACS 
Appl. Mater. Interfaces 13 (2021) 19360–19368, https://doi.org/10.1021/ 
acsami.1c03587. 

[119] C. Aydogan, G. Yilmaz, A. Shegiwal, D.M. Haddleton, Y. Yagci, Photoinduced 
controlled/living polymerizations, Angew. Chem. Int. Ed. 61 (2022) e202117377, 
https://doi.org/10.1002/anie.202117377. 

[120] D. Das, T.T.H. Pham, I. Noh, Characterizations of hyaluronate-based terpolymeric 
hydrogel synthesized via free radical polymerization mechanism for biomedical 
applications, Colloids Surf. B Biointerfaces 170 (2018) 64–75, https://doi.org/ 
10.1016/j.colsurfb.2018.05.059. 

[121] C.E. Hoyle, C.N. Bowman, Thiol–ene click chemistry, Angew. Chem. Int. Ed. 49 
(2010) 1540–1573, https://doi.org/10.1002/anie.200903924. 

[122] S. Summonte, G.F. Racaniello, A. Lopedota, N. Denora, A. Bernkop-Schnürch, 
Thiolated polymeric hydrogels for biomedical application: cross-linking 
mechanisms, J. Contr. Release 330 (2021) 470–482, https://doi.org/10.1016/j. 
jconrel.2020.12.037. 

[123] H. Liang, D. Yin, L. Shi, Y. Liu, X. Hu, N. Zhu, K. Guo, Surface modification of 
cellulose via photo-induced click reaction, Carbohydr. Polym. 301 (2023) 
120321, https://doi.org/10.1016/j.carbpol.2022.120321. 

[124] Z. Meng, X. Zhou, J. Xu, X. Han, Z. Dong, H. Wang, Y. Zhang, J. She, L. Xu, 
C. Wang, Z. Liu, Light-triggered in situ gelation to enable robust photodynamic- 
immunotherapy by repeated stimulations, Adv. Mater. 31 (2019) 1900927, 
https://doi.org/10.1002/adma.201900927. 

[125] M. Hu, X. Wang, Y. Tang, X. He, H. Shen, H. Pan, Y. Shang, D. Wu, S. Zheng, 
Q. Wang, Photo-enzyme-polymerized hydrogel platform exhibits photo- 
switchable redox reversibility for diabetic wound healing, Nano Today 53 (2023) 
102028, https://doi.org/10.1016/j.nantod.2023.102028. 

[126] B. Bao, Q. Zeng, K. Li, J. Wen, Y. Zhang, Y. Zheng, R. Zhou, C. Shi, T. Chen, 
C. Xiao, B. Chen, T. Wang, K. Yu, Y. Sun, Q. Lin, Y. He, S. Tu, L. Zhu, Rapid 
fabrication of physically robust hydrogels, Nat. Mater. 22 (2023) 1253–1260, 
https://doi.org/10.1038/s41563-023-01648-4. 

[127] X. Chen, D. Sun-Waterhouse, W. Yao, X. Li, M. Zhao, L. You, Free radical- 
mediated degradation of polysaccharides: mechanism of free radical formation 
and degradation, influence factors and product properties, Food Chem. 365 
(2021) 130524, https://doi.org/10.1016/j.foodchem.2021.130524. 

Q. Zhang et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.carbpol.2020.115970
https://doi.org/10.1016/j.carbpol.2023.120620
https://doi.org/10.1016/j.ijbiomac.2020.08.153
https://doi.org/10.1016/j.ijbiomac.2020.08.153
https://doi.org/10.1080/17425247.2016.1182485
https://doi.org/10.1016/j.jconrel.2014.06.046
https://doi.org/10.4103/1673-5374.208597
https://doi.org/10.1016/j.msec.2019.01.057
https://doi.org/10.1002/adhm.202200044
https://doi.org/10.1002/adhm.202200044
https://doi.org/10.2165/00003088-200645100-00002
https://doi.org/10.1021/acsbiomaterials.9b00130
https://doi.org/10.1039/C6LC00254D
https://doi.org/10.1039/C6LC00254D
https://doi.org/10.1002/adhm.202100056
https://doi.org/10.1002/adhm.202100056
https://doi.org/10.1109/EMBC.2019.8857503
https://doi.org/10.1109/EMBC.2019.8857503
https://doi.org/10.1021/acsami.1c11779
https://doi.org/10.1007/s00253-009-2113-6
https://doi.org/10.1007/s00253-009-2113-6
https://doi.org/10.1016/j.ijbiomac.2021.08.002
https://doi.org/10.1016/j.ijbiomac.2021.08.002
https://doi.org/10.2174/1381612829666230508144912
https://doi.org/10.3390/gels9020122
https://doi.org/10.3390/gels9020122
https://doi.org/10.1016/j.ijbiomac.2022.02.184
https://doi.org/10.1002/asia.202200595
https://doi.org/10.1002/asia.202200595
https://doi.org/10.1038/s41598-017-10193-5
https://doi.org/10.1002/term.3265
https://doi.org/10.1002/advs.202207352
https://doi.org/10.3390/gels9080616
https://doi.org/10.2174/2211738510666220919103514
https://doi.org/10.1016/j.ijpharm.2007.07.021
https://doi.org/10.1016/j.ijpharm.2007.07.021
https://doi.org/10.3390/ijms22041524
https://doi.org/10.3389/fchem.2022.1012443
https://doi.org/10.3389/fchem.2022.1012443
https://doi.org/10.1016/j.bioadv.2022.212784
https://doi.org/10.1039/C6TB02348G
https://doi.org/10.2174/1574888X12666170612102706
https://doi.org/10.2174/1574888X12666170612102706
https://doi.org/10.1021/acs.chemrev.0c01212
https://doi.org/10.1021/acs.chemrev.1c00357
https://doi.org/10.1016/j.ijbiomac.2022.01.029
https://doi.org/10.1039/C8BM01246F
https://doi.org/10.1039/C8BM01246F
https://doi.org/10.1002/marc.201900220
https://doi.org/10.1002/marc.201900220
https://doi.org/10.1002/marc.202000004
https://doi.org/10.1021/acsami.1c03587
https://doi.org/10.1021/acsami.1c03587
https://doi.org/10.1002/anie.202117377
https://doi.org/10.1016/j.colsurfb.2018.05.059
https://doi.org/10.1016/j.colsurfb.2018.05.059
https://doi.org/10.1002/anie.200903924
https://doi.org/10.1016/j.jconrel.2020.12.037
https://doi.org/10.1016/j.jconrel.2020.12.037
https://doi.org/10.1016/j.carbpol.2022.120321
https://doi.org/10.1002/adma.201900927
https://doi.org/10.1016/j.nantod.2023.102028
https://doi.org/10.1038/s41563-023-01648-4
https://doi.org/10.1016/j.foodchem.2021.130524


Materials Today Bio 26 (2024) 101082

23

[128] Y. Yang, J. Wang, J. Yang, L. Tong, D. Li, Y. Yang, M. Fang, Z. Li, Photo-response 
with radical afterglow by regulation of spin populations and hole-electron 
distributions, Angew. Chem. Int. Ed. 62 (2023) e202218994, https://doi.org/ 
10.1002/anie.202218994. 

[129] Y. Zhu, D. Xu, Y. Zhang, Y. Zhou, Y. Yagci, R. Liu, Phenacyl phenothiazinium salt 
as a new broad-wavelength-absorbing photoinitiator for cationic and free radical 
polymerizations, Angew. Chem. Int. Ed. 60 (2021) 16917–16921, https://doi. 
org/10.1002/anie.202104531. 

[130] W. Buckel, Radical and electron recycling in catalysis, Angew. Chem. Int. Ed. 48 
(2009) 6779–6787, https://doi.org/10.1002/anie.200900771. 

[131] B.M. Rosen, V. Percec, Single-electron transfer and single-electron transfer 
degenerative chain transfer living radical polymerization, Chem. Rev. 109 (2009) 
5069–5119, https://doi.org/10.1021/cr900024j. 
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