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Owing to the special formation of photopolymerized hydrogels, they can effectively control the formation
of hydrogels in space and time. Moreover, the photopolymerized hydrogels have mild formation
conditions and biocompatibility; therefore, they can be widely used in tissue engineering. With the
development and application of manufacturing technology, photopolymerized hydrogels can be widely
used in cell encapsulation, scaffold materials, and other tissue engineering fields through more elaborate
manufacturing methods. This review covers the types of photoinitiators, manufacturing technologies for
photopolymerized hydrogels as well as the materials used, and a summary of the applications of
photopolymerized hydrogels in tissue engineering.
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1. Introduction

A hydrogel is a highly hydrophilic polymer crosslinking
network. Hydrogels have high water content, good biocompatibil-
ity, and a very similar flexibility to that of tissue structure, making
them excellent materials for tissue engineering [1-3]. The
formation of hydrogels can be achieved through physical or
chemical crosslinking [4,5]. Chemical crosslinking is the most
commonly used crosslinking method, which is more stable than
physical crosslinking and can improve the mechanical and
degradation properties of hydrogel scaffolds in tissue engineering
applications [6]. Chemical crosslinking includes Michael addition,
Schiff base, enzymatic reaction, click chemistry, and photo-
polymerization. Photopolymerization has attracted much atten-
tion in the field of tissue engineering [7-11]. In recent decades, the
application of hydrogels in tissue engineering has tended to have
the characteristics of precise structure and flexible operation to
control cell behavior, cell viability, and delivery of drugs. Photo-
polymerization has the advantages of flexible operation and
spatiotemporal control of the formation of hydrogels, which can
meet the needs of tissue engineering [12,13]. For example, the
rapid reaction rate of photopolymerization can make the hydrogel
easily encapsulated without obvious cell subsidence and maintain
high cell viability [14]. The control of photopolymerization in the
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spatiotemporal formation of hydrogel can construct a complex
crosslinking network [15], which is beneficial to control cell
behavior and drug delivery [16]. In addition, photopolymerized
hydrogels have mild reaction conditions (no need for high
temperature and extreme pH conditions) and fluidity, which
makes the use of the process less invasive and minimizes surgical
trauma [17,18]. Moreover, photopolymerized hydrogels can accu-
rately build custom-geometrically shaped biomaterials through 3D
biological printing. It can produce structures that can reproduce
the complex tissue and structure-function relationship existing in
natural tissues and organs, so that implanted tissues can be
repaired and loaded with drugs for delivery [19-21]. Therefore, in
the field of tissue engineering, the application of photopolymer-
ized hydrogels has a considerable potential [22-24]. In this review,
we summarize the photoinitiators used in photopolymerized
hydrogels, the materials currently used, the manufacturing
technology of photopolymerized hydrogels, and the application
of photopolymerized hydrogels in tissue engineering.

2. Photopolymerization

The principle of photopolymerization is to use light of
appropriate wavelength to make the photoinitiators produce free
radicals, ions or photoinduced step-growth polymerization, and
then initiate polymerization with the monomer to form cross-
linked hydrogels [25-28]. In this process, the intensity, concentra-
tion, and efficiency of the photoinitiators not only affect the
reaction rate of photopolymerization, but also the biocompatibility
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of the hydrogel is affected by the cytotoxicity and water solubility
of the photoinitiators [29-31]. In addition, the materials used for
photopolymerized hydrogels in tissue engineering require good
biocompatibility, biodegradability, and functionality [32]. Mean-
while, the properties of the materials also affect the network
structure and overall mechanical properties of hydrogels [33].
Therefore, choosing suitable photoinitiators and materials can
reduce or avoid the impact of these problems on the practical
application of tissue engineering.

2.1. Photoinitiators

Free radical photoinitiators are the most common photo-
initiators in photopolymerization. Irradiation with an appropriate
wavelength of light can decompose the photoinitiators to produce
free radicals, thus initiating polymerization [34-37]. We have
summarized the common photoinitiators (Table 1). Free radical
photoinitiators are usually divided into two types: type I photo-
initiators or type II photoinitiators. As shown in Fig. 1, type |
photoinitiators decompose to produce free radicals after absorbing
the appropriate wavelength of light [38]. As shown in Fig. 2, type Il
photoinitiators need to be combined with coinitiators to extract H-
donor radicals and then initiate polymerization [39,40]. The most
common type I photoinitiator is 2-hydroxy-4-(2-hydroxyethoxy)-
2-methylpropiophenone (Irgacure 2959) [41,42]. It has been used
for the encapsulation of photopolymerized hydrogels. Although
there is p-hydroxyethoxy on Irgacure 2959, its hydrophilicity is not
strong and its solubility is only 0.7% (w/v) [41]. Usually, it needs to

Table 1

Photoinitiators for photopolymerized hydrogels.
Photoinitiator Chemical structure Nabs (NM)
Irgacure 2959 365
VA-086 375
LAP 365, 405
2,3-bornanedione 470
Eosin Y 525
Ru(Bpy)s** 450
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Fig. 1. Photopolymerization principle of a type I photoinitiator: For example,
Irgacure 2959.

be heated or stirred sufficiently to dissolve. Irgacure 2959 was used
for HepG2 cells encapsulated in methacrylated gelatin (GelMA),
bone marrow mesenchymal stem cells (BMSCs) encapsulated in
collagen-glycidyl methacrylate (Col-GMA)/methacrylated hyalur-
onic acid (HA-MA), human adipose mesenchymal stem cells
(HADMSCs) encapsulated in GelMA/poly-ethylene glycol diacry-
late (PEGDA3350)/alginate, and other cell-carrying hydrogels with
high cell viability [43-45]. Irgacure 2959 has low cytotoxicity to
cells, but its wavelength range is 200-370 nm. The wavelength of
Irgacure 2959 for photopolymerization is 365 nm to avoid the
mutagenicity of low wavelength ultraviolet light on cells and the
oxidative stress produced by Irgacure 2959 [46,47]. However, the
low polymerization efficiency of Irgacure 2959 at 365 nm will lead
to an increase in initiation time, which requires the use of higher
light intensity and higher initiator concentration, thus affecting the
cell survival rate [48]. Although UVA1 damage radiation to cellular
DNA, studies have shown that low-dose UVA1 radiation does not
affect the gene expression of human mesenchymal stem cells [49].
The polymerization conditions, photoinitiator type and concen-
tration will affect the cell survival. In addition, the ASTM standard
cell line L929 could not accurately predict the viability of HMCS. It
is also necessary to use relevant cells to evaluate the cell viability of
photopolymerization hydrogel [50,51].

Another commonly used photoinitiator is 2,2-azobis [2-methyl-
n-(2-hydroxyethyl) propionamide] (VA-086) [52]. Compared with
Irgacure 2959, VA-086 has higher water solubility and lower
cytotoxicity, and its absorption peak is at 375 nm. When used, VA-
086 can be initiated by using lower wavelength ultraviolet light to
avoid the mutagenicity of ultraviolet light on cells. Meanwhile,
higher polymerization efficiency can reduce the light intensity and
exposure time. VA-086 can be used to encapsulate HepG2 cells and
bone marrow stromal cells in GelMA [43]. VA-086 can be used to
encapsulate bovine chondrocytes in methacrylate-modified algi-
nate and other loaded cell hydrogels [14,53,54]. However, the
release of N2 gas from VA-086 induced by UV radicals may lead to
an increase in the porosity of hydrogels [53,55].

The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphos-
phinate (LAP) was synthesized by Majima et al. [56]. Compared
with Irgacure 2959, its water solubility is as high as 8.5% (w/v). LAP
has a maximum absorbance at 365 nm and has a certain absorption
in the visible range of 400-420 nm [57]. Therefore, LAP can be
effectively photopolymerized in the visible light range, avoiding
the mutagenicity of UV light on cells and the oxidative stress
produced by it. Visible light has higher penetration than UV light
[58]. Compared with Irgacure 2959, LAP has lower cytotoxicity and
wider application conditions. For example, low-intensity LED
lights can be used as portable and low-cost light sources. LAP can
be used to encapsulate fibroblasts and mesenchymal stem cells

Fig. 2. Photopolymerization principle of a type II photoinitiator: For example,
benzophenone/tertiary amine [39].
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(MSc) in GelMA. LAP can be used to encapsulate human adipose-
derived stem cells (hADSCs) in PEGDA and other cell-carrying
hydrogels with high cell viability [57,59].

Camphorquinone (2,3-bornanedione) is widely used in type Il
photoinitiators [60]. Its absorption wavelength is between 400-
500 nm, which can avoid the cytotoxicity of UV irradiation.
Camphorquinone has good biocompatibility. It can be used to
encapsulate human chondrocytes in methacrylate-functionalized
carbamate, rabbit articular chondrocytes in styrene gelatin, and
other cell-carrying hydrogels [61-63]. Compared with camphor-
quinone, another type II photoinitiator, Eosin Y (fluorescent dye),
has higher water solubility and better biocompatibility [64]. It is
widely used to encapsulate cells in GelMA. In addition, there are
other type Il photoinitiators, such as Bengal rose red and riboflavin,
which have good biocompatibility compared with Eosin Y.
Moreover, they can avoid the problem of overlapping, where the
excitation and emission spectra of Eosin Y overlap with many
fluorescent groups used in cell imaging [65,66].

Lim et al. constructed a new free radical photopolymerization
system composed of ruthenium (Ru) and sodium persulfate (SPS)
as water-soluble photoinitiators [29]. This photoinitiator can
absorb photons in the visible light range to initiate light. When
irradiated with visible light, Ru?* is directly oxidized to Ru>* and
provides electrons to the SPS. After receiving electrons, SPS is
decomposed into sulfate anions and sulfate radicals and then
photopolymerized [67]. Ru/SPS is highly absorbable in the visible
range, and its absorption peak is at 450 nm. Compared with other
visible light initiators, such as LAP (the molar extinction coefficient
(&) at 405nm is 30L mol~'cm™!) and Eosin Y (at 525nm, ¢ ~
100000L mol~'cm™"), the & of Ru/SPS at 450nm is 14600
L mol~'cm™ [68]. In addition, Ru/SPS has less cytotoxicity. It
showed higher viability and metabolic activity, which is used to
encapsulate human articular chondrocytes in GelMA hydrogels.
Ru/SPS will be a potential photoinitiator in the future.

2.2. Materials used in photopolymerized hydrogels

Hydrogels are highly hydrophilic polymer crosslinking net-
works. Their application in tissue engineering is first equipped
with a highly hydrated environment (water content greater than
90%) to fit the water environment in vivo. Therefore, the
photopolymer materials needed are water-soluble polymers
[69-73]. To encapsulate cells and avoid the effects of photo-
polymerization and degradation on cells, the photopolymer
materials used need to be biocompatible in a series of reaction
processes [74]. In addition, the photopolymer materials used in
tissue engineering need to have certain biological activities, which
can adapt to the physiological environment of cells and the
functions of supporting cells in the repair process (such as
proliferation, differentiation, adhesion, and migration.) and certain
biodegradability [75-77].

Natural materials are the main components of photopolymer-
ized hydrogels used in tissue engineering. The natural materials
usually have better biocompatibility and biodegradability than
synthetic materials. In addition, many natural materials are the
main components of the extracellular matrix (ECM) or can imitate
the characteristics of the ECM [78-81]. Gelatin is the hydrolyzate of
collagen, which has an amino acid composition similar to collagen
and has no immunogenicity [82,83]. It is one of the most common
natural materials used in tissue engineering. Gelatin retains the
natural cell-binding motifs (tripeptide Arg-Gly-Asp (RGD)), which
can effectively promote cell adhesion and diffusion along with the
matrix and has matrix metalloproteinase (MMP)-sensitive degra-
dation sites [84]. Owing to the poor mechanical properties of
gelatin, the problem can be effectively improved using photo-
polymerization after chemical modification. The target functional
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group is introduced by modifying the lysine unit or glutamic acid/
aspartate unit on gelatin [85] and then Irgacure 2959 is used for
photopolymerization. GelMA has been used in many tissue
engineering hydrogels (Fig. 3) [86]. Gelatin can also form hydrogels
through the photopolymerization of thiol-ene. Divinyl adipate
(DVA) is used to modify gelatin to obtain vinyl ester gelatin [87,88].
The vinyl ester gelatin hydrogel showed low cytotoxicity. Gelatin
can also be modified by allyl glycidyl ether to obtain allyl gelatin
(Gelage). Gelage can be photopolymerized by a thiol-ene reaction.
The mercaptan in photopolymerization can be provided by
reducing N,O-bis(trimethylsilyl)acetamide, 4-Arm PEG thiol, I-
dithiothreitol, and other multifunctional thiol crosslinking agents
[85,86]. At the same time, multifunctional thiol crosslinking agents
can also enhance the mechanical properties of gelatin.

HA is a linear polysaccharide composed of p-glucuronic acid
and DN acetylglucosamine as repeating units, which is ubiquitous
in almost all connective tissues [89,90]. As a component of ECM,
HA has natural biocompatibility and plays an important role in
regulating many cell behaviors and tissue functions, including cell
migration, proliferation, differentiation and angiogenesis. There-
fore, HA is widely used in tissue engineering, and chemical
modification can effectively regulate the mechanical properties of
HA hydrogels [90]. For example, HA can be modified by
methacrylic anhydride to obtain HA-MA (Fig. 4) and then
polymerized by an Irgacure 2959 photoinitiator to make the
hydrogel degrade more slowly [91]. HA was also modified with
glycidyl methacrylate to obtain HA-GMA, and then to enhance its
mechanical properties by photopolymerization [92]. Qin et al.
synthesized HA-VE using lipase-catalyzed transesterification
between HA and DVA [93]. Compared with HA-MA, HA-VE has
lower toxicity and higher photocatalytic activity. In addition, HA-
VE can also form hydrogels through the photopolymerization of
thiol-ene to improve its reactivity.

Silk fibroin is a protein polymer extracted from Bombyx mori,
which is linked by disulfide bonds. Silk fibroin is mainly composed of
amino acids, such as glycine, alanine, and serine. [t has been used as a
biomedical suture for decades [94,95]. It has good mechanical
properties, good biocompatibility, and promotes celladhesion, and is
widely used in cartilage and bone repair. In the past, the preparation
of silk fibroin hydrogel had problems such as slow gelation, the
influence of the preparation process on cell viability, and uneven
structure [96]. The preparation of silk fibroin hydrogels through
photopolymerization can effectively overcome these problems. As
shown in Fig. 5, the common modification method is to use glycidyl
methacrylate and silk fibroin to prepare Sil-GMA in lithium bromide
solution at 60 °C [96,97]. In addition, 2-isocyanatoethyl methacry-
late can be used to react with silk fibroin to produce methacrylated
silk fibroin. Methacrylic anhydride can also be used to produce
methacryloyl silk protein [98]. Recently, Whittaker et al. used a Ru/
SPS photoinitiator system for rapid photopolymerization to prepare
high-elastic silk fibroin [99]. Natural materials for photopolyme-
rization also include polyglutamic acid, chitosan, sodium alginate,
and fibrin [100-102]. These natural materials usually have the
advantages of biocompatibility, promoting cell adhesion, and
antibacterial activity. They can be modified to prepare biocompati-
ble and biodegradable photopolymerized hydrogels; therefore,
they have great application value in tissue engineering [103].

Compared with natural materials, synthetic materials have the
characteristics of easy preparation, low cost, a biological blank
state, and no immunogenicity. Moreover, synthetic materials have
the advantages of batch uniformity and reproducible control at the
molecular level (e.g., composition, degradability, and hydrogel
conformation) [104,105]. They can be functionalized and have
more diverse applications. For example, polyethylene glycol (PEG)
is a synthetic polymer with excellent hydrophilicity, biocompati-
bility, and negligible immunogenicity [106]. It is widely used in cell
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Fig. 3. Preparation of photopolymerization of GelMA hydrogels. (A) The gelatin was
methacrylated using methacrylic anhydride. (B) The free radical initiating reaction
of the GelMA photopolymer. Reproduced with permission [86]. Copyright 2015,
Elsevier.

encapsulation, hydrogel scaffolds, drug delivery, and other fields.
Photopolymerization can effectively control the mechanical
properties, geometry, and size of PEG hydrogel, thus affecting cell
activity and drug delivery [107-109]. At present, the common
modification method involves the reaction of the hydroxyl side
group of PEG with acryloyl chloride/methacryloyl chloride to
obtain poly (ethylene glycol) diacrylate (PEGDA)/poly(ethylene
glycol) dimethacrylate (PEGDMA) [110]. Sawhney et al. constructed
a biodegradable PEG photopolymer hydrogel. The oligomers
containing a-hydroxy acid were introduced into the PEG chain
segment, and the degradation rate was controlled by controlling
the amount of a-hydroxy acid and crosslinking degree [111]. In
addition, Qin et al. synthesized PEG-based vinyl ester (PEGDVE)
[112]. Compared with PEGDA, it has less irritation and avoids the
cytotoxicity of unreacted acrylate groups. The results show that
PEGDVE has less cytotoxicity than PEGDA/PEGDMA and can be
photopolymerized by the thiol-ene method.

Polyvinyl alcohol (PVA) is a synthetic material with excellent
biocompatibility and good mechanical properties (viscoelasticity),
which has been approved by the FDA. PVA has been widely studied
and applied in a variety of soft tissue engineering (such as artificial
articular cartilage) implants and cardiovascular tissue [113]. At
present, the modification method of PVA involves the reaction of
the hydroxyl group of PVA with GMA under the catalysis of 4-
dimethylaminopyridine (DMAP) to prepare methacrylated PVA
(PVA-MA) [114]. Moreover, PVA can also react with methacrylic
anhydride to form PVA-MA [115]. In addition, the phenyl azide
group can also be introduced into PVA to synthesize photoreactive
PVA (PRPVA) [116].
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Unmodified synthetic materials usually lack certain biological
activity. For example, compared with other natural polymers, PVA
lacks certain cell adhesion and functional biological recognition
sites [114]. In addition, the ability of these hydrogels to support cell
differentiation is also limited. Therefore, synthetic materials can be
functionalized (such as modified RGD and fibronectin) and
combined with natural polymer materials (such as gelatin and
alginate) to form bioactive composite hydrogels [117-120].

3. 3D printing application of photopolymerized hydrogel

In the application of hydrogels in tissue engineering, it is
important to simulate highly controlled ECM structures [121]. The
properties of the hydrogel matrix, including the mechanical
properties, geometry, and size of the sieve, affect the proliferation,
migration, differentiation, tissue regeneration, transportation, and
nutrient exchange of different macromolecules [122,123]. There-
fore, constructing a complex structure of hydrogel to simulate the
complexity of the microenvironment in vivo can provide better
tissue-specific biological functions. Photopolymerization can
effectively control the formation of hydrogels in space and time
accurately. It is possible to construct complex hydrogels with high
resolution and precision using photopolymerization additive
manufacturing technology [124,125]. The following will introduce
several types of commonly used photopolymerization additive
manufacturing technology.

3.1. Micropatterning

Micropatterning is a simple and convenient operation technol-
ogy, and its hydrogel structure can be micron-sized. The use of
micropatterning technology to produce hydrogels requires the
initiation of light sources, photomasks, and hydrogel precursors
containing initiators [126,127]. First, a photomask containing a
required pattern is needed. Then, under light irradiation, the
hydrogel precursors of the transparent part of the photomask are
polymerized to form the desired pattern and wash the remaining
unpolymerized part [128]. Tsang et al. used three different
photomasks to carry out multi-layer photopolymerization of
PEGDA containing different chemicals, and then embedded
hepatocytes into complex structured hydrogels to form liver
tissue constructs (Fig. 6) [129]. They controlled the height of the
structure by moving the gasket and constructed a hydrogel with a
multi-layered and complex structure. Compared with the cells
without micropatterning, these cells remained alive after
manufacturing and showed higher albumin and urea excretion.

3.2. Stereolithography (SLA)

SLA technology was developed in the 1980s [130]. It works in a
container equipped with a gel front fluid. The laser light source
photopolymerizes the gel on the manufacturing platform moving
on the vertical plane according to the set instructions and moved
by the X and Y axes. When all the points on one layer are
crosslinked, the focal plane changes and creates the next layer
(Fig. 7). This method is used to fabricate complex 3D structures
with high resolution. Because the entire area should be scanned for
each focal plane, the SLA can transfer the CAD model into a 3D

Fig.4. Modified hyaluronic acid (HA): Methacrylated HA (MeHA) for photopolymerization. Methacrylic anhydride was used to methacrylate HA. Reproduced with permission

[91]. Copyright 2016, American Chemical Society.
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Fig. 5. Modified silk fibroin (SF): Methacrylic anhydride was used to methacrylate SF. Reproduced with permission [97]. Copyright 2018, Springer Nature.

structure accurately. It has great application in the fabrication of
tissue engineering scaffolds and in vitro tissue models [131]. Lara
et al. constructed a 3D printing hydrogel scaffold based on GelMA/
PCL-MA using stereolithography technology [132]. The objective
was to construct an acellular tissue scaffold mimicking the
structure of physiological intestinal villi. Chen et al. constructed
a 3D printing ECM/GelMA/exosome scaffold with a radial channel
using SLA, which was used to treat osteochondral defect
regeneration [133]. Melissinaki et al. constructed a PLGA based
scaffold for neural tissue engineering through SLA. This scaffold
has good biocompatibility and can make neuroblastoma cells
proliferate [134]. Compared with micropatterning, SLA has a lower
cost, shorter consumption time, and higher automation and
resolution in the manufacturing of large structures.

3.3. Digital optical processing (DLP)

Compared with the point-to-point exposure polymerization of
SLA, DLP can use a digital mask and light source to polymerize the
whole layer in a single exposure. In a DLP system, the photon
source illuminates from the bottom of the resin bath, and the
building platform is dipped into the resin from above [135].
Therefore, DLP can achieve 3D manufacturing by consuming a
small amount of resin. Hong et al. constructed a silk-GMA hydrogel
scaffold containing chondrocytes using DLP [136]. It can effectively
promote the proliferation and differentiation of chondrocytes in
vitro, and a new cartilage tissue was observed in vivo (Fig. 8). Hong
et al. developed an acrylic hyperbranched glycerol (AHPG) cross-
linking agent that can control the drug release rate and the variable
mechanical microenvironment of hydrogels [137]. DLP was used to
print biological inks containing APHG to generate cell-loaded
microgels of various shapes and sizes for tissue engineering
applications. Compared with SLA, DLP has a higher printing speed,
makes the hydrogel structure more uniform, and provides higher
cell viability, thus reducing the damage to cells and making rapid
production.

4. Application in tissue engineering
4.1. Application in skin wound

The skin is the largest organ of the human body and the last
obstacle between the human body and the external environment.
Skin damage caused by physical and chemical factors, such as
trauma, burn, surgical incision, and infection, has become a serious
clinical problem, affecting millions of patients worldwide
[138,139]. Hydrogels are widely used in skin wound healing in
tissue engineering owing to their biocompatibility, hydration,
flexibility, and versatile characteristics. Skin wound healing is a
complex biological cascade process, which requires the interaction
of cell matrix, dermal and epidermal cells, the release of cytokines,
the generation of mesenchymal cells, and capillaries to replace and
regenerate the lost skin tissue [140,141]. The photopolymerized
hydrogel exhibits good fluidity. It can encapsulate the drug in situ

2121

Fig. 6. Fabrication of cellular hydrogels using photomask-based additive photo-
patterning. The photomask and the cell-filled hydrogel precursors are shown in
schematic form. Copied with permission [129]. Copyright 2006, John Wiley and
Sons.

and quickly fill the irregular wound site. Moreover, photopoly-
merized hydrogels can be used at physiological pH and room
temperature to encapsulate cells to maintain high cell viability. It is
an ideal method for skin wound healing [142].

For example, Gozde et al. loaded adipose-derived stem cells
(ADSCs) into a bioink composed of GelMA and HAMA to construct a
dermal substitute through photopolymerization [143]. The hydro-
gel exhibited good transparency with 85% transmittance and
allowed observation of the complete visual field of the wound site.
The results showed that the hydrogel had good porosity and
provided a suitable microenvironment for the proliferation of
ADSCs. Confocal microscopy showed that the hydrogel demon-
strated a large amount of angiogenesis in the chicken aortic arch
assay and chicken chorionic villi (CAM) assay. This indicates that
the ADSC/GelMA/HAMA hydrogel shows regeneration and angio-
genesis. Skardal et al. used a thiol-ene reaction to prepare heparin-
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Fig. 7. SLA printing process for converting the CAD model into a 3D structure. The laser source photopolymerized the gel on the manufacturing platform according to the
instruction, and the hydrogel is printed layer by layer. Reproduced with permission [132]. Copyright 2020, Elsevier.

conjugated hyaluronic acid (HA-HP) as a carrier for cell delivery,
loading amniotic fluid-derived stem cells (AFS) (Fig. 9) [144]. The
hydrogel was coated on the wounds of rats using biological
printing. The results showed that the hydrogel could release the
total protein, FGF, and VEGF secreted by AFS. At the same time, HA-
HP is easily degraded in situ, which makes it easier for the cells to
remodel during the healing process. In animal experiments, the
hydrogel could accelerate the closure of full-thickness wounds in
mice, induce an increase in angiogenesis, and lead to the formation
of ECM.

4.2. Application in dentistry

In dentistry, photopolymerization is a traditional method for
the rapid solidification of dental restorative materials. Most of
them are composed of bisphenol-A-glycidyl methacrylate (Bis-
GMA), urethane dimethacrylate (UDMA), triethyleneglycol dime-
thacrylate (TEGDMA), and other monomers [145-147]. It is difficult
to use them in dental regeneration because of the lack of
biocompatibility and the cytotoxicity of monomers. Photopoly-
merized hydrogels composed of gelatin, HA, PEG, and other
materials can be used for cell encapsulation with biocompatibility.
They can also control and regulate mechanical properties, swelling
rate, and degradation rate, which has been widely used in dental
regeneration [148-150]. For instance, Monteiro et al. constructed a
dental curing light (DL) to encapsulate odontoblast-like cells
(0OD21) into GelMA and photopolymerized with LAP (Fig.10) [151].
GelMA hydrogels showed higher cell viability. Fukaya et al. used
poly(N,N-dimethylaminopropylacrylamide) as the photoinitiator
and the derivatization of eosin to gelatin as a material to construct

Fig. 9. The photopolymerized hydrogel can quickly encapsulate cells, and can
quickly fill skin wounds after exposure to light. Copied with permission [144].
Copyright 2016, John Wiley and Sons.

gelatin (eosin-gelatin) [152]. This hydrogel showed better
biocompatibility for mouse vascular endothelial cells (ECs).
Compared with the control group, the hydrogel could effectively
promote the proliferation of ECs and showed good periodontal
regeneration ability. Bae et al. loaded GDF-5 onto ZrO, coated with
HA hydrogel and used Irgacure 2959 for photopolymerization to
obtain osteogenic materials [153]. This osteogenic material can
control the release of GDF-5 and promote the proliferation and
differentiation of MG63 cells, which can be used in dental
osseointegration.

Fig. 8. Schematics of DLP bioprinting using Sil-GMA and chondrocytes. The cells are loaded into the hydrogel precursors of Sil-GMA. The photon source illuminates the
hydrogel precursors from the bottom of the platform to construct the Sil-GMA hydrogel. Reproduced with permission [136]. Copyright 2020, Elsevier.
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4.3. Application in bone tissue

The musculoskeletal system is the structural framework of the
human body, providing physical support. Many factors can lead to
bone tissue damage, therefore, there is an important clinical
demand for functional bone tissue manufacturing [154,155].
Photopolymerized hydrogels can rapidly fill in clinical operations
and effectively adjust and construct the microenvironment of
surrounding tissues. It has great advantages in bone tissue repair.
Zhai et al. prepared a PEG-laponite scaffold through the photo-
polymerization of PEGDA and nanocomposites (laponite) with the
photoinitiator 2-hydroxy-2-methyl-1-phenyl-1-propanone (Irga-
cure 1173) (Fig. 11) [156]. HA fibers loaded with osteoblasts were
further extruded between each PEG-laponite to be used in bone
repair. The experimental results showed rapid bone growth and
good integration with exogenous cells in ectopic osteoinduction
experiments. Cidonio et al. combined laponite with GelMA to
obtain a scaffold with high mechanical strength (range of 0.4-
3.5MPa) and high water content (72%-83.5%) using photo-
polymerization [157]. The rat model of tibial defect showed a
good effect on bone regeneration.

Because hydrogels have excellent biocompatibility and high
water content, similar to the extracellular matrix of cartilage,
which can transfer load from the environment to chondrocytes, it
has considerable potential in cartilage tissue repair [158]. In
addition, photopolymerized hydrogels have the advantages of
injectable and mild reaction conditions, which can fill irregularly
shaped cartilage damage and maintain high cell viability. It has
great advantages in cartilage regeneration. For example, Shao et al.
prepared maleic-functionalized chitosan (MCh) and methacrylic
esterified silk fibroin (SF) using photopolymerization to prepare
MCh in MSFNP hydrogels loaded with TGF-beta [159]. The results
showed that the hydrogels had good biocompatibility with human
bone marrow-derived mesenchymal stem cells (BMDSCs) and
promoted cell proliferation and adhesion, which could be used in
cartilage tissue regeneration. Lin et al. used a methacrylic acid
gelatin (mGL)-based hydrogel to encapsulate human bone marrow
mesenchymal stem cells (hBMSC) and then used visible light
photopolymerization [160]. The results showed that hydrogels had
excellent mechanical properties and could effectively integrate
with natural cartilage tissue after implantation. In addition,
hBMSCs showed good growth and TGF-g3-induced chondro-
genesis.

4.4. Application in the cardiovascular system

The cardiovascular system consists of the heart and peripheral
circulation, which ensures the exchange of nutrients, waste, and
gas as well as the transport of hormones, immune system
components, and other molecules in the body [161]. Owing to
the limited regenerative capacity of the myocardium, the heart is

Fig. 10. Schematic of photopolymerization of GelMA hydrogel for regenerative
endodontic treatment. The cells are loaded into the GelMA hydrogel precursor and
filled into the pulp root canal. Reproduced with permission [151]. Copyright 2018,
Elsevier.
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unable to recover from functional myocardial cell damage. The aim
of cardiac tissue engineering is to implant cells to restore vascular
transport and myocardial function. Because of the structural
complexity of the heart, the function of the heart cannot be
maintained only by the diffusion of nutrients from the inside to
outside of the hydrogel and simple cell encapsulation [162,163].
Photopolymerized hydrogels can be widely used in the repair of
heart tissue because they can construct and simulate the complex
structure of the microenvironment in vivo.

For example, Shweta Anil Kumar et al. used bioink containing
fibrin and furfural-gelatin (gel-fu) to fabricate scaffolds through
visible light polymerization for culturing cardiomyocytes (CM) and
cardiac fibroblasts (CF) [164]. They used CAD software to control
and extrude the way to print and build a herringbone pattern to
induce cell arrangement and growth (Fig. 12). The results showed
that the scaffold could improve the cell arrangement and support
the cardiac-specific function of the embedded cells. It can form
heterogeneous cell coupling between CM and CF, to imitate the
applicability of the cardiac tissue. Mohammad et al. used alginate
doped with carboxyl-functionalized carbon nanotubes (CNTs) and
methacrylated collagen (mecol) to produce heart patches [165].
Human coronary artery endothelial cells (HCAECs) were encapsu-
lated in bioink and micropatterned using UV light. The height and
thickness of the microchannels in the heart patch were 400 pm
and 300 pwm, respectively. The results showed that the cells were
evenly distributed along the patterned chain, and incorporation of
CNTs into the alginate matrix significantly improved the mechani-
cal properties and electrical conductivity of the cardiac patch and
enhanced cell adhesion and elongation. Hybrid implants promoted
HCAEC proliferation, migration, and differentiation, represented
by the lumen-like formation in the implant within 7-10 days in
vitro.

5. Summary and outlook

Photopolymerization can effectively control the formation of
hydrogels from time and space, and its mild reaction conditions
enable it to be used in most tissue engineering applications. The
advantages of photopolymerized hydrogels in constructing complex
structures, encapsulating cells, and delivering drugs have consider-
able potential in tissue engineering. This paper briefly summarizes
the principle of photopolymerization, including photoinitiators,
materials, and manufacturing methods for photopolymerized
hydrogels. The choice of photoinitiators, materials, and manufactur-
ing technology is very important for the construction of photo-
polymerized hydrogels. They not only affect the physical and
chemical properties of hydrogels, such as structure, mechanical
properties, and degradation but also have a great influence on cell
activity and cell-specific function. Flexible selection and application
can better make the hydrogel simulate the microenvironment of the
body, ensure the exchange of nutrients, and the proliferation,
differentiation, and migration of cells.

With the development of computer simulation and various
biological processing technologies, the future development direc-
tion of photopolymerized hydrogels will provide higher resolution,
accuracy, and flexibility to reconstruct the structure of complex
tissues and structure functional relationships existing in natural
tissues and organs, to meet the needs of different clinical
applications [166,167]. The new four-dimensional (4D) printing
can break through the limitation of static printing and realize 4D
printing, which can change the structure dynamically and respond
to the environment [168,169]. Hydrogel changes the shape,
characteristics, and function of the printing structure according
to the simulation, forming a variety of cell types with hierarchical
structures to better simulate the tissues and organs in the body.
Gou et al. constructed a noninvasive 3D printing technology, using
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Fig.11. Schematic of photopolymerized hydrogel 3D printing in tibial restoration. (A) The composition of bioink. (B) The 3D-bioprinting process of the hydrogel. (C) Schematic
of tibia repair experiment. Reproduced with permission [156]. Copyright 2017, John Wiley and Sons.

Fig. 12. Herringbone construct casted with the scaffolds. (A) CAD of a 3D printed pattern. (B) SEM of a characteristic 3D printed pattern. (C) Image of a 3D printed square
pattern fabricated using the fibrin-gelatin bioink. Copied with permission [164]. Copyright 2019, American Chemical Society.

a digital near-infrared photopolymerization (DNP) process to
locally inject biological inks into photopolymerization layer by
layer, and constructed a hydrogel construct carrying cells in vivo
[170]. This provides a new method for clinical noninvasive surgery
and a new direction for the application of photopolymerized
hydrogels. At the same time, the photopolymerized hydrogel can
simulate the advantages of the complex structure of the
microenvironment in vivo, making it more practical in the
construction of in vitro models, so that it can better understand
the mechanism of tumor and disease [171,172].

In the future, appropriate photopolymerization materials,
stable and high cell viability photopolymerization methods, and
advanced engineering technology will help to design more
complex tissue structures, which will enable better application
in tissue engineering and regenerative medicine treatment.
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