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Natural polymers have been widely used in scaffolds for tissue engineering due to
their superior biocompatibility, biodegradability, and low cytotoxicity compared to
synthetic polymers. Despite these advantages, there remain drawbacks such as
unsatisfying mechanical properties or low processability, which hinder natural
tissue substitution. Several non-covalent or covalent crosslinking methods
induced by chemicals, temperatures, pH, or light sources have been suggested
to overcome these limitations. Among them, light-assisted crosslinking has been
considered as a promising strategy for fabricating microstructures of scaffolds.
This is due to themerits of non-invasiveness, relatively high crosslinking efficiency
via light penetration, and easily controllable parameters, including light intensity or
exposure time. This review focuses on photo-reactive moieties and their reaction
mechanisms, which are widely exploited along with natural polymer and its tissue
engineering applications.
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1 Introduction

Artificial scaffold has been engineered to mimic the spatial dimension of the extracellular
matrix (ECM). This is because the 3D network affects the diffusion and release kinetics of
biomolecules as well as the mechanical modulus and rheological properties of the whole
scaffold (Ko et al., 2010; Pei et al., 2019). The macro/microstructure of the scaffold can be
tailored by chemical or physical crosslinking with a suitable choice of reactive moieties
(Mihaila et al., 2012; Marizza et al., 2016).

While the physical intramolecular interactions involve weak non-covalent interactions,
the chemical crosslinking is not transient due to covalent interactions (Marizza et al., 2016;
Samani et al., 2020). In most cases, the stimulus of chemical crosslinking is a chemical agent
or light source. Remarkably, light-initiated photocrosslinking has attracted attention due to
its easily controllable parameters such as light intensity, exposure time, or irradiation
distance (Chandrasekharan et al., 2019; Choi and Cha, 2019; Yano et al., 2020). Most of all,
the non-invasiveness and capability of in situ photopolymerizations represent the unique
and powerful merits of light-initiated photocrosslinking.

The polymerization between the functional groups of polymer chains activated by light
exposure with or without photoinitiators is called photocrosslinking (Smeds et al., 2001).
During this process, highly reactive free radicals are generated by photocleavage. The
photoinitiators absorb light photons and convert light energy into chemical energy (Maiz-
Fernández et al., 2022). The free radicals are covalently crosslinked with intra- or extra-
molecular groups. Tyrosine/tyramine and methacryloyl are the most widely used photo-
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responsive moieties of biomaterials, followed by cinnamoyl,
benzophenone, norbornene, aryl azide, and diazirine.

Photo-reactions triggered by functional groups activation
facilitate bulk polymer crosslinking, photo-immobilization,
surface modification, molecular labeling, or particle fabrication
(Fernández and Orozco, 2021). These are applicable to both two-
dimensional and three-dimensional structures (spatially addressable
effects) with high selectivity and efficiency without producing toxic
or reactive side products (Kim et al., 2017). It is important to select
the appropriate photo-reactive moiety of natural polymer
derivatives which meet the characteristics of the purposed
applications in tissue engineering.

As well known, numerous reviews have covered the crosslinked
natural polymers utilized in biomedical applications. In this review,
photo-reactive or photo-responsive moieties and their reaction
mechanisms were covered, which are widely exploited along with
natural polymer and its tissue engineering applications. The
characteristics of reactions, the chemical substitution of
functional groups on target biopolymers, and types of
photoinitiators depending on the light source for each moiety are
discussed. Additionally, recent studies on each photopolymerization
technique are introduced to enhance readers’ understanding.

1.1 Tyrosine and tyramine

Tyrosine is a reactive amino acid with a phenolic ring that can
easily be transformed into hydrogels with or without chemical
reagents via phenolic oxidation (Sogawa et al., 2020; Liu et al.,
2021). The phenolic functional group of tyrosine contributes to the
π-π interaction in terms of structural stability and the proton-
coupled electron transfer reactions in energy transportation. The
phenolic side chain allows crucial biosynthesis in nature systems by
forming dityrosine crosslinks via electron transfer (Raven et al.,
1971; Partlow et al., 2016; Lee et al., 2019). The tyrosine-tyrosine
chemical bonds provide elasticity to biomaterials, as seen in diverse
organisms. Examples of elastic biomaterials are the wing tendon of
dragonflies (the protein named resilin), the cuticles of locus, and the
silk fibroin of silkworms (Partlow et al., 2016). The covalent bonds
within dityrosine can be emulated in vitro via enzymes or photo-
based radical reactions to attain the physical and functional
properties of polymeric biomaterials (Partlow et al., 2016).

These phenolic crosslinking systems are not only possible in
tyrosine rich-natural proteins or peptides, but also in tyramine-
modified materials including, polysaccharides (alginate, hyaluronic
acid, dextran, etc.) or synthetic polymers (poly (ethylene glycol),
poly (vinyl alcohol), etc.) (Roberts et al., 2016). As mentioned
previously, the in vitro dityrosine crosslink has been employed to
increase the mechanical properties of biomaterials containing silk
fibroin (5.3% tyrosine) (Gong et al., 2020; Mu et al., 2020; Huang Y.
et al., 2022), keratin (22% tyrosine) (Gillespie, 1972; Sando et al.,
2010; Navarro et al., 2018), fibrinogen (5.6% tyrosine in γ-chain;
4.9% tyrosine in β-chain; .65% tyrosine in α-chain) (Elvin et al.,
2009), marine-derived silk (aneroin, 5% tyrosine) (Park et al., 2019),
and recombinant resilin (rec1-resilin, 6% tyrosine) (Truong et al.,
2011). In order to increase the mechanical durability of
polysaccharides (alginate, hyaluronic acid, etc.), the phenolic
groups have been introduced through tyramine conjugation,

synthesized by the EDC/NHS [N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride/N-hydroxysuccinimide] chemistry
(Schulz et al., 2019; Wang et al., 2020; Kim E. et al., 2021). The
crosslinking density is also adjustable with diverse photoinitiator
concentrations and photo-irradiation intensities (distance- and
time-dependent).

Among the diverse dityrosine crosslinking triggers, photo-based
crosslinking has significant advantages in terms of non-invasiveness,
fast reaction rate, fine tunability, and crosslinking efficiency (Choi
and Cha, 2019; Mu et al., 2020; Perin et al., 2022). The light source
can be ultraviolet (UV) or visible light. UV irradiation generates
radical cations (Tyr-OH·+) and solvated electrons to form tyrosyl
radicals. These radicals induce continuous polymerization between
tyrosine-tyrosine residues via deprotonation, radical isomerization,
diradical production, and enolization (Figure 1A) (Houée-Lévin
et al., 2015; Min et al., 2016). This one-step UV-mediated dityrosine
crosslink is a covalent self-assembly system within short peptides
and does not require additives (Min et al., 2016). Dityrosine units in
tyrosine-rich peptides or other biomaterials function as not only
stable assembly motifs but also multifunctional templates which
allows self-assembled structure of organic/inorganic hybrid
biomaterials to feature its chemical, electrochemical and
structural properties triggered by the proton-coupled electron-
transfer reactions (Lee et al., 2019). However, UV irradiation also
regulates the antibody binding capability of peptide hormones, and
in vitro hormonal function which could be exploited in
pharmaceutical industry to estimate hormone’s structure and
bioactivity (Correia et al., 2012). For example, the continuous
UV excitation induced structural changes by forming tyrosine
photo-product dityrosine, leading to covalent insulin
dimerization and decreased antibody binding affinity up to 62.1%
when irradiated 276 nm for 3.5 h (Correia et al., 2012).

As for the visible light system, ruthenium (Ⅱ) polypyridine [Ru
(Ⅱ) polypyridine] and persulfate are essentially needed. Ru (Ⅱ)
polypyridine generates electrons under visible light. The
generated electrons are transferred to the persulfate acceptor. At
the same time, tyrosine radicals are oxidated and crosslinked into
dityrosine (Figure 1B) (Fancy and Kodadek, 1999). Here, the
ruthenium complexes have higher excitation selectivity, a
relatively longer excited state period, and higher chemical
stability than other photoinitiators (Kim H. et al., 2021). Thus,
many previous works of literature on silk fibroin, collagen, gelatin,
and recombinant resilin have exploited ruthenium-mediated photo-
crosslinking (Liu et al., 2021). In one study, the tyramine-modified
gelatin methacrylate (GelMA-Tyr) hydrogels were photo-irradiated
by visible light with Ru/SPS initiators for cartilage-binding glue (Lim
et al., 2020a). Its adhesion strength (13.25 kPa) was 15 times higher
than that of UV(365 nm)-crosslinked GelMA/Irgacure
2959 hydrogels because of the number of residues involved in
photo-crosslinks (Lim et al., 2020a).

Under UV and visible light, riboflavin (vitamin B2) and its
derivatives activate photo-catalysis by changing its state into single-
or triplet-excited riboflavin (Huang et al., 2004). The single
riboflavin generates oxygen intermediates and oxidizes tyrosine
(Daood et al., 2013). Equivalently, the triplet riboflavin produces
tyrosyl radicals, which form dityrosine linkages (Figure 1C) (Liu
et al., 2021). In the presence of riboflavin, the silk fibroin gel
produced by the photolithography can achieve ~50 μm resolution
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due to fast photo-reactivity. The sophisticated fabrication with non-
toxic photoinitiators and its own transparency has allowed elastic
fibroin gel to be applied to ocular prostheses (Applegate et al., 2016).

For synergetic enhancement in mechanical properties and
complexity of scaffolds, dual crosslinking is another strategy. In
one research, the photo-crosslinked alginate-tyramine
microfibers were further crosslinked ionically (Lim et al.,
2021). The photo-crosslinking resulted in fast gelation within a
few seconds, allowing the polysaccharide inks to be stacked layer
by layer. The following ionic crosslinking was also beneficial to
structural integrity (Park et al., 2019). Thermal and light-induced
crosslinking method was used to fabricate 3D cell-laden scaffolds
with decellularized extracellular matrix (dECM)-based bioinks at
the centimeter scale with high printability where the minimal
strand width was 100 μm (Kim H. et al., 2021). This dual-
crosslinked product not only achieved 3.79 and 20.04-folds
increases in elastic and resilient modulus respectively
compared to of which the only thermo-physically crosslinked
dECM products, but also have the ability of working as a
functional tissue (Kim H. et al., 2021).

Overall, the dityrosine photo-crosslinking allows fabricating
tissue mimicking polymeric materials due to its rapid gelation
with improved homogeneity of network and superior mechanical
integrity which meets the sufficient range of targeted elastic moduli
(Camp et al., 2020; Liu et al., 2021). Besides, distinctive properties of
UV-excited dityrosine crosslinking facilitate to regulate of the
peptide hormones’ bioactivity and act as a novel bioreactor or
probe for fluorescence detection of functional nanomaterials by
UV-excited inherent blue fluorescence which is exploited in medical
and pharmaceutical engineering (Correia et al., 2012; Min et al.,
2018; Mukherjee et al., 2019).

1.2 Methacryloyl

Methacrylates and their derivatives have been extensively
manipulated for light-activated crosslinking (Reis et al., 2009; Mu
et al., 2020). Under UV conditions, the methacryloyl side chain
generates free radicals, which rapidly crosslink each other.
Methacrylate networks are not sensitive to the surrounding

FIGURE 1
Overview of tyrosyl residue crosslinking mechanisms initiated by (A) UV light (Correia et al., 2012), (B) Ru (Ⅱ) polypyridine (Fancy and Kodadek, 1999),
and (C) riboflavin (Liu et al., 2021).
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environmental conditions such as pH and temperature allowing
good stability (Liu et al., 2022b). The degree of crosslinking is
dependent on the number of methacryloyl substitutions (Kim S.
H. et al., 2021).

Unfortunately, methacryloyl is not an intrinsic moiety of natural
polymers, however, diverse methacrylating agents allow modify the
chemical structures of the wide range of biomolecules and
biopolymers including proteins, polysaccharides, synthetic
polymers, as well as nanoparticles with high substitution yields
depend on their functional groups (Samani et al., 2020).
Methacrylates substitute the specific reactive residues of amine
(-NH2), carboxyl (-COOH), and hydroxyl (-OH) groups, which
are adjusted based on the reaction temperature, pH, and agitation
speed (Chou and Nicoll, 2009; Yue et al., 2017). Therefore, the final
product methacryloyl-modified biomaterials should be
characterized by production conditions to confirm reproducibility
regarding purity, methacrylation degree, and physiochemical
properties as commercial utilization (Hasany et al., 2021).

Methacrylic anhydride (MA) and glycidyl methacrylate (GMA)
are commonly used reagents to introduce methacryloyl groups.
Modification with MA is the most cost-effective and
straightforward method for methacryloyl incorporation (Hasany
et al., 2021). MA has a carbon-carbon double bond which readily
undergoes free-radical polymerization and esterification with all
three functional groups (-NH2, -COOH, and–OH) (Figure 2A).
Therefore, it is widely utilized in various biopolymers, including silk,
gelatin, hyaluronic acid, chitosan, alginate, starch, and pectin
(Messager et al., 2013; Pereira et al., 2018b; Han et al., 2020; Noè
et al., 2020; He et al., 2021). In some cases, GMA utilization is more
plausible due to the problematic assessability of MA in the target
material, such as silk, which has high crystallinity in acidic
conditions (Mu et al., 2020). GMA is capable of epoxide ring-
opening that facilitates methacrylate modification, even in acidic
conditions. Additionally, the epoxide ring-opening reaction is
processed predominantly over transesterification in acidic
conditions (Li et al., 2003, 2017; Hasany et al., 2021). In addition

FIGURE 2
(A) Diverse methacryloyl substitution in methacrylic alginate induced by methacrylic anhydride, glycidyl methacrylate, and 2-aminoethyl
methacrylate (Hasany et al., 2021), and (B) light-activated chain polymerization that occurred between two methacryloyl moieties (red: photo-reactive
residues) (Bupphathong et al., 2022).
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to MA and GMA, AEMA (2-aminoethyl methacrylate) activates the
carboxyl groups (-COOH) in hyaluronic acid or alginate under
EDC/HNS reaction (Jeon et al., 2009).

The methacryloyl-initiated photocrosslinking is activated by
diverse photoinitiators (Figure 3). Irgacure 2959 (2-hydroxy-1-
[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-propanone) and
LAP (lithium acylphosphinate salt) generate free radicals
under UV (365 and 405 nm, respectively) light, and
simultaneously participate in chain polymerization, which
occurs between two methacryloyl moieties (Figure 2B)
(Basara et al., 2019). Tris (2,20-bipyridyl) dichlororuthenium
(II) [Ru(II)] and eosin Y also induce photo-activated
crosslinking under visible light, where their ranges are
420–450 and 450–550 nm, respectively (Noshadi et al., 2017;
Lim et al., 2020a).

Gelatin-methacrylate (GelMA) is the first methacryloyl-
modified form developed using GMA in the 1990s; since then,
there have been many different methacryloyl-modified
biomaterials, such as silk fibroin-methacrylate (SilMA),
methacrylate hyaluronic acid (HAMA), methacrylate pectin
(PECMA), and methacrylate carboxymethyl cellulose (CMCMA)
(Choi and Cha, 2019).

Photocrosslinkable sites of PECMA based bioink enabled to
print chemically defined single-component 3D scaffolds with
tunable mechanical strength (Pereira et al., 2018b). With
increase in ink concentration from 1.5 wt% to 2.5 wt%, elastic
modulus of hydrogel was adjusted from 79.6 Pa to 2,600 kPa
under UV irradiation for 160 s (Pereira et al., 2018b). Moreover,
extended UV exposure time from 160 s to 300 s, 3.2-fold
increased stiffness modulus gels could be obtained in low
polymer concentration (1.5 wt%) (Pereira et al., 2018b). In
one study, methacryloyl-substituted tropoelastin (MeTro) and
GelMA blend were photo-cured under UV (320–390 nm) light
for 0.23 s per μm of thickness (Soucy et al., 2018). It showed

15 times higher adhesive strength than fibrin-based hydrogel
with 85% encapsulated viable Schwann cells for 5 days (Soucy
et al., 2018). It is expected to be used as a rapid tissue adhesive.
In another research, HAMA/CMCMA hydrogel showed a much
faster crosslink time of 0.018 s per μm thickness, under 400 nm
visible light (Huang Y. C. et al., 2022). Based on its durable
compressive elastic modulus (0.82 MPa), it is expected to be
employed as an anti-adhesion barrier for post-operative
measures (Huang Y. C. et al., 2022). By filling in the epidural
defect space, the HAMA/CMCMA based scaffolds hinders the
attachment and migration of 3T3 fibroblasts (Huang Y. C. et al.,
2022). Thus, the fast polymerization time of methacrylate-based
polymers has allowed them to be utilized as instantly and
urgently needed biomaterials.

Especially, the intimate polymeric network between different
types of biomaterials is the distinctive advantage of methacryloyl-
mediated cross-linking. UV-induced dual crosslinked hydrogel
consisting of methacryloyl-substituted Bletilla Striata
polysaccharide and gelatin has suitable pore size (85.20 ±
4.99 µm), porosity (72.13% ± 2.15%) and significantly enhanced
compression modulus (62.93 ± 8.24 kPa) compared to that of the
single network which showed effective wound closure ability for
diabetic wound treatment due to the tightly dual crosslinked
network structure (Liu et al., 2022a).

Likewise, a wide range of spatially cross-linkable methacryloyl
facilitates the fabrication of complex micro- or macro-structures as
tissue engineering scaffolds using photo-patterning, bioprinting,
and microfluidics (Hasany et al., 2021). Although both the
biocompatibility and cytotoxicity of each methacryloyl-modified
biomaterial should be identified for clinical applications,
methacrylate crosslinked polymer is an ideal candidate for
various tissue implants from the brain to bone now that it
represents a wide range of elastic moduli (from mPa to GPa)
(Chandrasekharan et al., 2019; Kono et al., 2020).

FIGURE 3
Common photoinitiators: (A) Irgacure 2959, (B) lithium phenyl-2,4,6-trimethylbenzoylphosphinate, (C) ruthenium (Ⅱ)/persulfate, (D) eosin Y, and (E)
riboflavin (Mu et al., 2020).
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1.3 Benzophenone and diazirine

Diazirine and benzophenone are occurred photocrosslinking
related with redox and generate intermediates during the reaction
process (Wu and Kohler, 2019). The intermediates, which are
comprised of covalent bond have greatly reactive crosslinking
activity and can interaction with various ligand of proteins or
residue of polymers (Deseke et al., 1998).

Specifically, the diazirine has aromatic azides structure (Kuboe
et al., 2010). It comprises one carbon and two nitrogen atoms
connected with a double bond, forming a cyclopropene-like ring
(Zhou et al., 2020). The carbene in diazirine rapidly binds with other
biomolecules through C-H, O-H, and N-H bonds under UV
(350–380 nm) irradiation (Hill and Robertson, 2018; Musolino
et al., 2021). Specifically, when the UV light is irradiated to
diazirine, N2 gas is extruded and forms singlet carbene (Dey
et al., 2021). The singlet carbene combines with nearby
biomolecules through covalent, C-H, and heteroatom-H bonds,
thus forming isomerized carbene (Figure 4A) (Murale et al.,
2017; West et al., 2021; Yu and Baskin, 2022).

This reactivity is not constrained to light only, but it also occurs
due to heat and electricity (Álvarez-Hernández et al., 2018; Lepage
et al., 2019). Although the diazirine has high thermal and chemical
stability, the process of photocrosslinking reaction is more complex
than benzophenone (Ge et al., 2018; Jakubovska et al., 2018).
However, the carbene, which is intermediate material during
reaction, is not uneconomical because carbene can be utilized for
crosslinking (Temel et al., 2011). The carbene and diazirinyl radicals
have been exploited for bulk polymer crosslinking, molecular
labeling, and target identification and dazirine has been
extensively exploited for surface modification of biomaterials (Ye
et al., 2018).

The diazirine is applied to the conjugation and reinforces
physical strength. In the study related to the conjugation, the
diazirine conjugated GFOGER peptide showed enhanced cell

(HT1080) adhesion and spreading when mixed with film (Malcor
and Mallein-Gerin, 2022). And the diazirine conjugated elastic-like
protein is formed a carbene intermediate and can be inserted rapidly
into the located close conjugated protein releasing N2 (Raphel et al.,
2012). The conjugated protein is made into a film that has 50 μm
thickness, is sturdy enough to withstand a weight of 4.5 g, and can
maintain the cell metabolism system (6 days) (Raphel et al., 2012).
The rapid (60 s) gelation of diazirine led to an oral adhesive
application that involved the chemical curing of bromo-diazirine
to form carbene of bacterial cellulose (Singh et al., 2021). The rapid
gelation (within 60 s) promoted low flowability with up to 35 kPa
adhesiveness in wet conditions, which is suitable for mucoadhesive
drug delivery (Singh et al., 2021).

Benzophenone, which consists of the carbonyl group and two
benzene groups, forms two radicals when activated by ultraviolet
(350–365 nm) light (Anderson and Castle, 2003; Neumann et al.,
2013; Fu and Chang, 2019; Sharma et al., 2021; Xue et al., 2021).
Benzophenone shapes triplet-state ketone and forms C-C bonding
(Liu et al., 2020; Olson et al., 2020). Then, the formed radicals react
with the neighboring C-H bond, extract protons of the carbon
chain, and create methyl-radical at the surface (Neumann et al.,
2013). The formed radical reacts with hydrogen bonds such as
carbon, nitrogen, or oxygen (Figure 4B) (Yagci et al., 2010; Lago
et al., 2015; Fu and Chang, 2019). The triplet-state, which is formed
during the reactive process, is related to electron donation and
diradical (Porter and Suppan, 1965). Thus, various solutions are
involved in different contents of atoms and it can regulate bonding
by using different solutions (Christensen et al., 2012). It
unnecessary co-initiator because they performed photosensitizer
and hydrogen donor (Temel et al., 2011). Additionally, its non-
polar property allows benzophenone to be stable underwater (Ge
et al., 2018). The tolerance for oxygen and water promotes its
applicability in printing and coating materials (e.g., sunglasses
coating and plastic colorings) (Keskin et al., 2018; Wang et al.,
2018).

FIGURE 4
The protein polymerization mechanism through photocrosslinking of (A) diazirine and (B) benzophenone.
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Benzophenone is a reinforcement or UV-supported agent
(Yuk et al., 2016). The photo-crosslinking has been employed
with chitosan/polyethylene oxide (PEO) fibers to transform
PEO into a water-insoluble material (Kianfar et al., 2019). As
a result, this enhances the solubility resistance (water or organic
solvents) and thermal stability (Wang et al., 2018). The
benzophenone introduction also helps the carboxyl group of
the cellulose nanofibrils (CNF) to increase the tensile strength of
the CNF gel, even in wet conditions (Orelma et al., 2016).
Experimentally, the cured CNF gel (138 MPa cm3 g-1) showed
high tensile strength compared with non-cured CNF gel
(109 MPa cm3 g-1) (Orelma et al., 2016). Furthermore, the
hydrogel-elastomer hybrid (polyacrylamide (PAAm)-alginate,
PAAm-hyaluronan, PAAm-chitosan, polyethylene glycol
diacrylate (PEGDA)-alginate and PEGDA-hyaluronan) can
have minute structure and interface toughness increase due
to benzophenone (200 to 900 Jm-2) (Yuk et al., 2016).
Collagen-GAG biomaterial platform can regulate the
mechanical properties independently by curing with
benzophenone and identify metabolizing activity,
proliferation, and gene expression of the adipose-derived
mesenchymal stem cells (ASCs) based on mechanical
properties (Banks et al., 2014). Also, collagen treated
modified benzophenone (benzophenone dimer) can make
sub-micrometer or micrometer scaffold through multiphoton
excited photochemistry (Basu et al., 2005).

Owing to benzophenone and diazirine using a UV light for
crosslinking, the cells are significantly less negatively affected
corresponding UV range (350–380 nm) (Anderson and Castle,
2003). So, they are not caused the harmful effect to cells and
not damage biological (Chou et al., 2011; Hill and Robertson,
2018).

1.4 Cinnamoyl

The carboxy group deprotonation of cinnamic acid generates
UV-sensitive cinnamate groups (Shi et al., 2009; Bobula et al., 2015;
Zhang et al., 2020; Gadek et al., 2021). Those cinnamates are photo-
dimerized through (2 + 2) photocycloaddition (Figure 5A). The
photocrosslinking of cinnamate has a unique characteristic of
reversible reactions. Photo-dimerization is dominant longer than
260 nm, whereas photocleavage happens less than 260 nm
(Nakayama and Matsuda, 1992). It means that the formation and
division of the photo-crosslinking can be adjusted by the wavelength
range. Using this, latex-based sizing nanoparticles react reversibly to
wavelengths, suggesting the emergence of new carriers in
environmental and biomedical fields (Shi et al., 2008). It also
manufactured a hydrogel film treated with cinnamoyl on the
surface to prove its ability to heal itself using photoreaction
(Froimowicz et al., 2011). In addition, the self-healing ability of
bio-based lignin and glycerol-derived monomers with cinnamate
groups was optimized to help design a new photocrosslinking-based
self-healing product that responds environmentally friendly and
reversibly (Sinha Roy et al., 2021).

In addition, cinnamate forms (2 + 2) cyclobutane and is
attracting great attention because it can perform photo-
crosslinking without a photoinitiator (Bobula et al., 2015;
Schelkle et al., 2016). The irritation induces two olefins of the
alkenyl group in the cinnamate and forms a cyclobutene capable
of photo-crosslink (Gupta et al., 2004). During the cycloaddition
process, enone is bonded with olefin. At this time, the negative end
of the alkene group dipole with olefin and the β carbon of enone are
combined (Figure 5B) (Corey et al., 1964). The β-alkenyl-substituted
enone has a steric hindrance that determines the region and
stereoselectivity of the polymer (Sarkar et al., 2020).

FIGURE 5
Brief mechanism of (A) cyclobutane and (B) (2 + 2) photocycloaddition (Gupta et al., 2004; Sarkar et al., 2020).
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Since the olefin structure is present in the side chain, photo-
crosslinking of the cinnamate is limited to the side chain polymer
(Schelkle et al., 2016). However, (2 + 2) photo-reduction addition
reactions are considered an efficient synthesis method because the
molecular binding is fast and predictable (Hoffmann, 2008; Sanyal,
2010; Cardenas-Daw et al., 2012), especially because they occur
easily in cinnamoyl (Rennert et al., 1967; Schelkle et al., 2016).

Using a series of advantages, cinnamic acid is often used in
various ways for natural polymer synthesis. It is also welcomed in
the photo-activated polymer (Balaji et al., 2003) and patterned
polymer (Kim et al., 2009) areas because it exhibits stable
reactivity without a photoinitiator and photosensitizer (Fertier
et al., 2013).

Hyaluronan and trans-cinnamic acid were employed as
photocurable derivatives to generate a water-insoluble microfiber
(Bobula et al., 2015). The anhydride of cinnamic acid reacted with
hyaluronan to be acylated (Bobula et al., 2015). As a similar manner,
gellan gum films are negatively charged, enabling long-term
electrostatic repulsion of bacteria (Lee et al., 2012). In addition to
these, photocrosslinking was carried out with chitosan (Wu et al.,
2007) and starch (Zhang et al., 2020), and physical or mechanical
properties were improved to alleviate low durability problems.
Octanoyl chitosan cinnamate synthesized using a regioselective
variant of chitosan have been shown to form a stable monolayer
by dispersing at the interface between air and water (Wu et al., 2007).
The backbone of OCC maintained chirality in the film and
facilitated optical characterization (Wu et al., 2007). Cinnamic
acid-modified starch (CA-St) was used for the nanoprecipitation
and photo-crosslinking of the colloidal particles to fabricate colloidal
particles (CPs) (Zhang et al., 2020). The cycloaddition of cinnamic
acid-modified starch CPs alleviates low durability problems in
intravenous administration or drug loading/release (Zhang et al.,
2020). Moreover, the hydrophobic moieties allow the starch to
deliver relatively hydrophobic drug molecules (Zhang et al.,
2020). Cinnamated-collagen made using EDC/NHS conjugating
decreased storage modulus as the cinnamate content increased
(Dong et al., 2005). Scaffold was produced using hydrogels using
gelatin one-pot synthesis, which can be used appropriately for
biomaterial applications because various trigger reactions exist
and are not cytotoxic to fibroblasts (Gattás-Asfura et al., 2005).

Also, it was confirmed that the physical properties were
improved by completing crosslinking within 60 min in both
hydrated gel and dry film, and the potential applicability of
collagen-based materials in drug delivery and tissue engineering
was improved (Dong et al., 2005).

1.5 Norbornene

Norbornene is a cyclic alkene mainly used as a monomer and
an intermediate for organic synthesis and is a particularly
reactive ene compared to alkene due to the deformation of
the inherent ring (Blasco et al., 2017). Norbornene moiety
reacts with thiolated agents and forms crosslinkage, under
UV light. Thiols react with various ene functional groups
such as alkene, vinyl ether, and acrylate. Among them,
however, norbornene moiety is commercially valuable
because it is most reactive and progresses quickly (Hoyle and

Bowman, 2010; Blasco et al., 2017; Nguyen et al., 2021).
Norbornene is incorporated into natural polymers through
amide reactions (Devaraj et al., 2008). Natural polymers
incorporated with norbornene exhibit low solubility under
acidic aqueous solvent conditions (Mũnoz et al., 2014; Alves
et al., 2022). This is because the overall hydrophobicity was
increased by the norbornene moiety, and the positive elective
charge was reduced due to the conversion of the amine into the
amide (Michel et al., 2019). In general, norbornene is
incorporated into a natural polymer in the presence of
carboxy anhydride (Devaraj et al., 2008). It has the advantage
of improving the solubility of the natural polymer in the
aqueous medium than before and is very stable in vivo
(Devaraj et al., 2008; Michel et al., 2019). The mechanism of
this thiol-norbornene photo-crosslinking reaction is initiated by
a type I photoinitiator (typically LAP or Irgacure 2959), which is
photo-decomposed into radicals by UV (UV-A, 320–400 nm)
light (Figure 6A) (Hoorick et al., 2020). The decomposed photo-
initiator radicals extract hydrogen atoms from the thiol of the
thiol-containing molecule (R1-SH) and produce thiyl radicals
(Lin et al., 2015). The produced thiyl radical crosses the
norbornene carbon-carbon double bond of the norbornene-
functionalized macromer (R2-norbornene), subsequently
producing norbornene radical (Lin et al., 2015). Norbornene
radical extracts hydrogen atoms from thiol complete thioether
bonds, and regenerates thiyl radical (Figure 6B) (Cramer et al.,
2003; Lin et al., 2015). This photo-crosslinking reaction
proceeds at a stoichiometric rate until thiol or norbornene is
depleted and is crosslinked step by step (Lin et al., 2015).
Norbornene’s high reactivity to thiol radical and low
reactivity to norbornene radical alleviates the non-specific
photo-crosslinking (Gramlich et al., 2013).

In rare cases, thiol-norbornene photo-crosslinking by
visible light can occur, similar to the mechanism of UV-
based photo-crosslinking systems, except that type II
photoinitiator (non-cleavage-type) (e.g., eosin-Y, rose
bengal) is used (Lin et al., 2015). Thiol-norbornene has been
utilized as a photo-crosslinking moiety of natural
biopolymer materials, including chitosan, gelatin, collagen,
and pectin, especially for tissue engineering applications
(Mũnoz et al., 2014; Pereira et al., 2018a; Michel et al., 2019;
Guo et al., 2021).

As for chitosan, the norbornene moiety is acquired by amide
bond formation, which is initiated by the reaction between
chitosan and carbic anhydride [norbornene-derived chitosan
(CS-nbn-COOH)] (Michel et al., 2019, 2020). In one research,
thiolated diethylene glycol (HS-DEG-SH) was used as a crosslinker
and Irgacure 2959 was utilized as a photoinitiator [UV-A
(320–400 nm)] (Michel et al., 2019). The UV-A exposure time
was between 20 s and 30 min (Michel et al., 2019). Similar
procedures are applied to other natural polymers. For instance,
in another study, the primary amine of gelatin reacted with carbic
anhydride at 50°C for 2 h to form norbornene through amide
bonding (Mũnoz et al., 2014). LAP was used as a photoinitiator and
dithiothreitol (DTT) was added as a crosslinker (Guo et al., 2021).
Pectin required VA-086 as a photoinitiator and dimethyl sulfoxide
(DMSO) as a crosslinker in a different study (Pereira et al., 2018a).
The manufactured hydrogel is a scaffold in tissue engineering and
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plays a role in skin wound healing, 3D printing, and tissue
environment formation (Sun et al., 2011). Methacrylated
collagen and GelMA hydrogel formation with random chain
growth photopolymerization are unstable and yield high
concentrations of initial radicals (Brinkman et al., 2003; Gaudet
and Shreiber, 2012; Guo et al., 2021). Therefore, it is not ideal for
cell-containing hydrogel formation and is rarely used in
bioprinting (Lin et al., 2011; Mũnoz et al., 2014; Guo et al.,
2021). Hydrogels formed from thiol-norbornene are suitable for
cell-containing hydrogel formation in this respect because they can
be photo-crosslinked at low radical concentrations with very fast
reactions and induce cell proliferation (Guo et al., 2021). In
particular, NorCol (norbornene-functionalized collage)/gelatin
bio-ink showed good printability by controlling light and
temperature at once, and cells showed great potential by
showing excellent viability within bio-printed hydrogels (Guo
et al., 2021). In addition, it is important to establish a pertinent
in vitro culture system for liver cells to understand the mechanism
of liver disease progression or recovery (Lau et al., 2012; Greene
and Lin, 2015). At this time, norbornene-functionalized gelatin
(GelNB) hydrogels can be used as a three-dimensional scaffold
capable of designing parts of the cell-extracellular matrix (ECM)
interactions important for cell survival and function (Lau et al.,
2011; McCall and Anseth, 2012; Greene and Lin, 2015).

1.6 Aryl azide

Aryl azide is a moiety containing azide groups (-N3) as a
functional group or substituent derived from aromatic
hydrocarbons. Aryl azide is mainly made by replacing diazonium
salts or aryl halide with sodium azide (Liu and Tor, 2003). When
exposed to light sources, aryl azide releases nitrogen molecules to
produce electron-deficient nitrene that can be inserted into the C-H
bond (Ono et al., 2000; Liu and Tor, 2003). It facilitates covalent
bond formation between natural biopolymers (Zhu and Ma, 2004).
The hydrogel is generated by UV irradiation, and the increase in its
exposure time results in better mechanical properties and lower
swelling ratio (Cho et al., 2016).

The mechanism of the aryl azide photo-crosslinking reaction
starts with UV irradiation. The azide group (-N3) releases nitrogen
molecules (N2) and is converted into highly reactive nitrene groups
(Ono et al., 2000). Nitrene groups with two unshared electron pairs
interact very quickly with the amino groups of the natural
biopolymer to be bonded to form azo groups (-N=N-) and
become crosslinked (Figure 7A) (Ono et al., 2000). Through
this photo-crosslinking process, gelation is completed. If the
proper reaction site is not nearby, nitrene is rearranged into the
more stable ketenimine and has a disadvantage in that crosslinking
efficiency is lost (Tanaka et al., 2008). The maximum absorption

FIGURE 6
(A) LAP decomposition by UV and (B) thiol–norbornene photo-click reaction step with a thiol–containing molecule (R1–SH) (Lin et al., 2015).
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wavelength of azide is 250 nm, but the absorption amount is
increased through substitution with aryl azide; thus, a
wavelength of over 400 nm can be used (Ono et al., 2000;
Tanaka et al., 2008). This wide-range reactivity allows the aryl
azide compound to react with various biomolecules (Tanaka et al.,
2008).

In one study, this crosslinking method was employed with an
azide (p-azidebenzoic acid) conjugated chitosan (Ono et al., 2000).
The rapid gelation [60 s, under UV (254 nm) light and Irgacure
2959] and dense network retarded the encapsulated drug release
(Figure 7B) (Ono et al., 2000; Sydow et al., 2019). In tissue
engineering, these photochemical biopolymers are used as
scaffolds for potential drug and cell delivery to tissues and
biological activity is enhanced by photo-crosslinking (Sydow
et al., 2019).

The properties of photo-crosslinking can be used to detect protein-
protein interaction (PPI) in living cells using the aryl azide moiety as a
probe (Baruah et al., 2008; Pham et al., 2013; Mishra et al., 2020). These
aryl azide ligases are incorporated into proteins and when irradiated
with UV (300–360 nm), produce reactive species that interact with
other proteins nearby, forming covalent bonds (Baruah et al., 2008;
Mishra et al., 2020). It has advantages over other PPI detectionmethods
in that it can detect endogenous protein interactions (Baruah et al.,
2008; Mishra et al., 2020).

In addition, medical tissue adhesives use reactive groups to
produce shared crosslinking, which includes aryl azide that exhibit
spontaneous and highly reactive crosslinking as reactive groups
(Ono et al., 2000; Nam and Mooney, 2021). Therefore, aryl azide
photo-crosslinking hydrogel using UV is mainly used as a tissue
adhesive with cell compatibility (Rickett et al., 2011; Nam and
Mooney, 2021).

1.7 Triethanolamine

Triethanolamine (TEA) is a sacrificial electron donor involved
in the photopolymerization reaction of eosin (Popielarz and Vogt,
2008; Wong et al., 2015). The red-colored eosin is a photocatalyst
(photoinitiator) and generates radicals at a reactive moiety of natural
polymers such as cellulose, gelatin, and chitosan (Lim et al., 2008;
Haria and König, 2014). Photocrosslinking using radicals has the
high stability of a shared crosslinked network and gelates the
surroundings quickly (Shih and Lin, 2013).

The TEA transfers electrons to excited eosin, producing anionic
and triethanolamine cation radicals once the eosin (eosin Y) is excited
in a triplet state under visible light (400 nm < θ < 700 nm) (Noshadi
et al., 2017). Subsequently, it leads to rapid proton loss from the
triethanolamine radical cation (TEA·+) to neutral R-amino radical
(TEA·) (Noshadi et al., 2017). The protons are then transferred to
eosin anionic radicals to produce neutral eosin radicals (Figure 8)
(Valdes-Aguilera et al., 1992; Noshadi et al., 2017). TEA radicals
initiate polymerization with monomers with vinyl groups, such as
poly (ethylene glycol) diacrylate (PEG-diacrylate) and
vinylpyrrolidone (VP), and are also used to accelerate gelation of
covalent monomers (e.g., N-vinylpyrrolidone or NVP) (Elbert and
Hubbell, 2001; Popielarz and Vogt, 2008). A 3D -printed isomalt
structure made of a carbohydrate glass material was coated through
poly (ethylene glycol) diacrylate (PEGDA) and surface-initiated
photopolymerization (Chen et al., 2020). Coating with Eosin/TEA
photopolymerization had the advantage of isomalt miscibility and
stability at high temperatures and showed the potential to create
physiologically related tissues by facilitating the construction of
biomimetic vascular structures in various hydrogels (Chen et al.,
2020).

FIGURE 7
(A) Aryl azidemoiety is converted into highly reactive nitrene by releasing N₂ under UV light (Tanaka et al., 2008) and (B) azide-chitosan-lactose (Az-
CH-LA) obtained by photo-crosslinking (Az-CH) and dehydration condensation reaction (CH-LA) (Ono et al., 2001; Tanaka et al., 2008).
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The Eosin Y-TEA reaction is co-initiator and co-monomers
dependent, and the use of high TEA concentrations can cause
undesirable cytotoxic effects on some sensitive cell types, so
caution should be taken (Hao et al., 2014). Nevertheless, stability
and safety are evaluated to prevail over the use of ultraviolet initiators
because visible light initiators can reduce the risk to proteins and
DNA (Avens et al., 2008). Gelatin-methacrylate (GelMA) bioink,
whose viscosity was adjusted using silk fibroin particles, improved cell
suspension and proved to be a biocompatible material through non-
cytotoxic and high level of metabolic activity (Na et al., 2018). Since
hydrogels cured under visible light showed stability for a long time
(18 months) from exfoliation compared to ultraviolet (UV)-
photocured hydrogels, visible light-induced photocrosslinking is
promising to be applied to the 2D patterning of hydrogels (Kizilel
et al., 2004). In PEGDA scaffolds consisting of 1-vinyl-2-pyrrolidone,
we define non-toxic conditions for photoencapsulation of human
mesenchymal stem cells, enhancing the viability of human
mesenchymal stem cells and generating hydrogel scaffolds with
tightly bridged networks (Bahney et al., 2011). Through this, it can

be confirmed that it is desirable to apply it to biological applications
such as cell encapsulation (Avens et al., 2008; Occhetta et al., 2015).

Due to these advantages, Eosin–coinitiator photocrosslinking
has been used for various purposes such as encapsulation, drug
testing, and biosensing in addition to bioink formulations for 3D
bioprinters. In situ photocroslinkable hyaluronan, which
encapsulated Chondrocytes, promoted the maintenance of
cartilage phenotype and cartilage matrix synthesis, accumulated a
significant amount of cartilage matrix, and was evaluated as a
scaffold for repairing cartilage by accelerating healing in vivo
osteochondral defects (Nettles et al., 2004). Photopolymerizable
Dock-and-Lock hydrogel, which can be used as a scaffold to
support fast self-assembled cells and drugs, can control moduli
according to the duration of light exposure and can be used for
various purposes depending on the unique physical properties of the
gel (Lu et al., 2013) Visible ray-induced gelation of methacrylate
materials (gelatin methacrylate (Gel-MA) and methacrylate alginate
(Alg-MA)) showed high potential for surgical tissue sealing for in
vivo systems (Charron et al., 2016; Kumar et al., 2022).

FIGURE 8
The mechanism of (A) eosin-based photopolymerization and its (B) hydrogel formation (Noshadi et al., 2017).
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TABLE 1 Summary of photo-reactive moieties used in tissue engineering.

Moieties Name of initiator Irradiation
source (nm)

Characteristics Natural
polymers

Applications in
tissue

engineering

References

Tyrosine and
tyramine

2-hydroxy-1-[4-(2-
hydroxyethoxy) phenyl]-2-

methyl-1-propanone (Irgacure
2959)

UV 365 Free-radical- chain
polymerization, Ru (Ⅱ)
polypyridine/persulfate

method

Silk fibroin,
keratin,

fibrinogen,
marine-derived
aneroin protein,
recombinant

resilin, collagen,
tyrosine-rich
peptides

Elastic gel as ocular
prostheses, alginate-
tyramine microfibers,
natural polymer-based
inks, hydrogels as

cartilage-binding glue

Liu et al. (2021);
Raven et al. (1971);
Gillespie. (1972);

Fancy and
Kodadek. (1999);
Elvin et al. (2009);
Sando et al. (2010);

Truong et al.
(2011);

Houée-Lévin et al.
(2015); Min et al.
(2016); Partlow
et al. (2016);
Navarro et al.

(2018); Choi and
Cha. (2019); Park
et al. (2019); Lee
et al. (2019); Mu
et al. (2020); Gong
et al. (2020); Lim
et al. (2020a); Liu
et al. (2021); Perin

et al. (2022);
Huang et al.
(2022b)

tris (2,20-bipyridyl)
dichlororuthenium (II) (Ru(II))/

persulfate

visible 450, 452

Methacrylol 2-hydroxy-1-[4-(2-
hydroxyethoxy) phenyl]-2-

methyl-1-propanone (Irgacure
2959), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate

(LAP)

UV 365–405 Free-radical- chain
polymerization

Silk fibroin,
gelatin,

hyaluronic acid,
chitosan, alginate,
starch, pectin

adhesive hydrogel for
nerve regeneration free
from microsurgical

suturing, hydrogel for
prevention of dural
defects, bio-ink

Messager et al.
(2013); Noshadi
et al. (2017);
Pereira et al.
(2018b); Soucy
et al. (2018);
Basara et al.

(2019); Han et al.
(2020); Lim et al.
(2020a); Noè et al.
(2020); He et al.
(2021); Kim et al.
(2021c); Huang
et al. (2022a)

tris (2,20-bipyridyl)
dichlororuthenium (II) (Ru(II))/

persulfate, eosin Y

visible 420–450

450–550

Benzophenone
and diazirine

Type II free radical photoinitiator UV 350–380,
365

Free-radical-chain
polymerization

Chitosan,
collagen, silk

fibroin

Benzophenone-
modified dextran-
based hydrogel for

bone regeneration and
implant fields, drug

delivery, photo-affinity
labeling field in protein

as a probe

Neumann et al.
(2013); Anderson
and Castle. (2003);
Neumann et al.
(2013); Ye et al.
(2018); Hill and
Robertson. (2018);

Keskin et al.
(2018); Wang et al.
(2018); Fu and
Chang. (2019);

Dey et al. (2021);
Xue et al. (2021);
Musolino et al.
(2021); Sharma

et al. (2021); Singh
et al. (2021)

Cinnamoyl N/A UV 260 [2 + 2] cycloaddition
reaction

Hyaluronic acid
(HYA), starch,
gellan gum

Microfiber, film, and
colloidal particles (CP)

for medical use

Gupta et al. (2004);
Shi et al. (2009);
Bobula et al.
(2015); Zhang
et al. (2020);
Gadek et al.

(2021); Sinha Roy
et al. (2021)

(Continued on following page)
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2 Conclusion

This review covered photo-reactive moieties and their
mechanisms. Their application examples in tissue engineering
were also dealt with. The whole part was classified into free-
radical chain polymerization (tyrosine, tyramine, methacrylol,
cinnamoyl, and eosin-based photopolymerization), thiol-ene
photo-crosslinking (norbornene), and photo-mediated redox
crosslinking (benzophenone, aryl azide, and diazirine) (Table
1) (Lim et al., 2020a; Lim et al., 2020b).

Since photo-crosslinking has unique and unparalleled merits in
specific controllability and invasiveness, many moieties have been
chemically incorporated into natural polymers to facilitate its photo-
reactivity, as well as generate covalent networks. Especially, this photo-
initiated crosslinking was welcomed by natural polymers due to their
poor mechanical properties which deterred their wide applications
(Sundaramurthi et al., 2014; Choi and Cha, 2019). Employing a
variety of photocrosslinking moieties regulate not only mechanical,
but also biological, and physicochemical properties with a wide range
(Zhao et al., 2013).

The tissue matrixes that have variety mechanical properties
through regulating the photocrosslinking affect cellular
behavior like cell growth, differentiation, and proliferation
(Camp et al., 2020). Thus, it can develop the scaffold that
have variety mechanical properties and can biodegradable
completely using union such as protein-protein binding,
hydrogel-based polysaccharide, and gene binding. Moreover,
photocrosslinking can applicate not only scaffolds that have

various mechanical properties range such as bone, cartilage,
tissue, and organ but also biocompatible drug delivery,
biosensor, and bio-probes. Likewise, the photocrosslinking
technique is promising technology for tissue engineering fields.
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TABLE 1 (Continued) Summary of photo-reactive moieties used in tissue engineering.

Moieties Name of initiator Irradiation
source (nm)

Characteristics Natural
polymers

Applications in
tissue

engineering

References

Norbornene 2-hydroxy-1-[4-(2-
hydroxyethoxy) phenyl]-2-

methyl-1-propanone (Irgacure
2959), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate

(LAP), 2,2′-Azobis [2-methyl-N-
(2-hydroxyethyl) propionamide]

(VA-086)

UV 320–400 Free-radical- chain
polymerization

Chitosan, gelatin,
collagen, pectin

Microgel for
biopharmaceutical
delivery, hydrogel as
bio-ink and for skin
wound healing and
tissue environment

formation

Hoorick et al.
(2020); Yagci et al.
(2010); Mũnoz

et al. (2014); Lago
et al. (2015); Lin
et al. (2015);
Pereira et al.

(2018a); Fu and
Chang. (2019);
Michel et al.

(2019); Hoorick
et al. (2020); Guo

et al. (2021)

type II (e.g., eosin-Y, rose bengal) visible —

Aryl azide 2-hydroxy-1-[4-(2-
hydroxyethoxy) phenyl]-2-

methyl-1-propanone (Irgacure
2959)

UV 250–400 Free-radical-chain
polymerization

Chitosan Hydrogel as a tissue
adhesive, nanoparticles
as drug delivery system

Ono et al. (2000);
Liu and Tor.
(2003); Tanaka

et al. (2008); Cho
et al. (2016);

Sydow et al. (2019)

Triethanolamine Eosin-Y and co-initiator visible 450–550 Free-radical- chain
polymerization

Gelatin, alginate,
fucoidan

Hydrogel as bio-ink for
3D bioprinter, surgical
tissue sealing for in vivo
systems, cell culture
matrix, and drug

delivery

Lim et al. (2008);
Cruise et al.

(1998); Lim et al.
(2008); Haria and
König. (2014);
Charron et al.
(2016); Kumar
et al. (2022)
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