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ARTICLE INFO ABSTRACT

Keywords: 3D bioprinting technology, a subset of 3D printing technology, is currently witnessing widespread utilization in
Light-based 3D bioprinting 1 tissue repair and regeneration endeavors. In particular, light-based 3D bioprinting technology has garnered
Bio-ink 2

significant interest and favor. Central to its successful implementation lies the judicious selection of photosen-
sitive polymers. Moreover, by fine-tuning parameters such as light irradiation time, choice of photoinitiators and
crosslinkers, and their concentrations, the properties of the scaffolds can be tailored to suit the specific re-
quirements of the targeted tissue repair sites. In this comprehensive review, we provide an overview of
commonly utilized bio-inks suitable for light-based 3D bioprinting, delving into the distinctive characteristics of
each material. Furthermore, we delineate strategies for bio-ink selection tailored to diverse repair locations,
alongside methods for optimizing printing parameters. Ultimately, we present a coherent synthesis aimed at
enhancing the practical application of light-based 3D bioprinting technology in tissue engineering, while also
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addressing current challenges and future prospects.

1. Introduction

With the advancement of technology and medical treatment, many
medical problems have been overcome. However, due to the restricted
regenerative capacity of the human body, especially for damage to vital
organs and aging, it is still not possible to effectively repair and induce
regeneration of damaged organs and tissues in the medical community
[1]. In addition, the limited number and quality of organ donors make it
extremely difficult for the organ transplantation approach to address the
immediate needs [2]. Tissue engineering technology, as one of the
emerging technologies in recent years, has been discovered and
demonstrated to facilitate the repair and regeneration of damaged tis-
sues and organs, which has aroused great curiosity among researchers
and clinicians. This technology is now considered to be one of the most
effective approaches to address the difficulties of tissue and organ repair
and the limitations of organ transplantation in clinical practice [3,4].
Tissue engineering technology is designed to integrate biology and
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engineering techniques to simulate the structure and biological function
of the human body as much as possible, to repair or even replace
diseased or aging organs and tissues [5]. Cells, scaffolds and growth
factors, as the three elements of tissue engineering in the past, often
played an integral role in tissue repair. However, with the advancement
of science and technology, the current three elements of tissue engi-
neering are mostly cells, bioinks and deposition strategies. In addition,
materials cannot provide cellular elements, which requires researchers
to additionally incorporate different types and amounts of cells
depending on the different properties of the constructs [6-8].

3D printing (3DP), also known as additive manufacturing, is a
technology that constructs objects based on digital models using mate-
rials such as powdered metals or plastics by adding material prints layer
by layer [9]. 3D bioprinting technology (3DBP), as a branch of 3D
printing technology, has the same basic printing principles as 3D
printing but is more stringent in the selection of bio-inks and the printing
technology requirements [10,11]. They often require the precise
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assembly of materials with high biocompatibility and cells or bioactive
factors, etc. This demands that they intelligently distribute the distri-
bution of growth factors to meet the needs of tissue regeneration at the
same time as ensuring high bioactivity of the cells [12,13].

Among the many 3D printing platforms currently in use, light-based
3D bioprinting technology has also gradually gained extensive devel-
opment and applications. Among them, digital light processing (DLP),
stereolithography (SLA), and two-photon polymerization (2 PP) tech-
nologies have been widely studied and popularized [14,15]. Compared
with other types of 3D bioprinting technologies, such as fused deposition
modeling (FDM) and selective laser melting (SLM), light-based 3D bio-
printing technologies have great advantages in terms of maintaining cell
viability and tunability of printing performance [16,17]. For example,
SLA technology is one of the most widely used light-based 3D bio-
printing technologies due to its good biocompatibility and high preci-
sion and spatial resolution [18]. In addition, the printing process of
photopolymerization-based printing methods is gentler, and the mold-
ing can be cured quickly at room temperature [19]. Researchers can also
control the printing process more conveniently by varying the time and
intensity of light exposure, and customizing the printed scaffolds to
match the requirements of the implant site [20]. Among the numerous
components of light-based 3D bioprinting, photosensitive polymers are
frequently the most noticeable and directly affect the characteristics of
the final printed product. For researchers who want to customize the
appropriate light-based 3D bioprinting materials for different repair
sites, choosing the appropriate photosensitive polymers is the first and
one of the most significant steps [21].

In this review, we begin by elucidating various properties of photo-
sensitive polymers, offering insights into common photo-crosslinked
bio-inks and their diverse biomedical applications across different
repair sites. Subsequently, we delve into the innovative strategies
employed by researchers to fine-tune scaffold properties, such as
wavelength and exposure time adjustments of light sources, optimiza-
tion of photoinitiators, and control over material pore size during the 3D
bioprinting process. Finally, we provide a comprehensive summary of
the extensive applications of photo-crosslinked materials in tissue en-
gineering, deliberate on the challenges associated with bioprinting and
photo-crosslinked bio-inks, and offer perspectives on their future
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development. (Fig. 1).
2. Photo-crosslinkable polymers

Photo-crosslinkable polymers are a class of polymers that undergo
crosslinking reactions in the presence of UV or visible light via photo-
initiators or photosensitive monomers [22]. As shown in Table 1, they
have a range of characteristics that have led to their widespread use in
printing three-dimensional tissue engineering constructs. However,
photocrosslinking groups are basically absent in naturally occurring
polymers, so in order to make compounds with photocrosslinking
properties, researchers often modify photosensitive groups on polymers
from different sources. Therefore, we categorize polymers into two main
groups, natural and synthetic polymers, according to the source of the
polymer prior to modification, and present strategies for forming com-
posite polymers by modifying different kinds of polymers with photo-
sensitizing groups. In addition, we provide a brief overview of examples
of photo-crosslinkable polymers, which are currently mainly used in
tissue engineering, with accompanying descriptions of the properties of
each material.

2.1. Natural polymers

2.1.1. Gelatin

Gelatin, as one of the most common natural polymers, is widely used
in tissue engineering due to its low antigenicity and good biocompati-
bility, as well as its efficient absorption in the body without toxic
degradation [29]. However, gelatin itself does not have photosensitizing
properties, so in light-based 3D bioprinting, gelatin can be functionally
modified to make it photosensitive. A common practice is to introduce
photosensitizing groups into the molecular structure of gelatin to make
it responsive to specific wavelengths of light. Gelatin methacryloyl
(GelMA) is a polymer material that introduces methacryloyl groups into
gelatin molecules. The synthesis procedure is as follows: Firstly, gelatin

RHCMA
PEGDA. MaPVA
Natural-natural polymers
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Fig. 1. Overview of polymer selection, customization strategies and their ap-
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plications for photocrosslinking-based 3D printing technology.

Table 1
Several common characteristics of photo-crosslinked polymers.
Characteristics Specific features The type of References
polymers
Controllability The cross-linking reaction of Nature [23,24]
photo-crosslinked polymers is polymers,
usually controllable, and Synthetic
precise control of the degree of ~ polymers
cross-linking can be realized by
adjusting the intensity, time
and wavelength of light.
Reversibility Some photo-crosslinked Nature [25]
polymers are reversibly polymers
photosensitive, i.e. they can
undergo repeated light-
induced cross-linking and de-
cross-linking under different
conditions. This reversibility
allows the material to be used
multiple times.
Local Due to the directionality of Nature [26]
crosslinking light, photo-crosslinked polymers
polymers allow for spatially
selective cross-linking
reactions, enabling localized
modification of specific
regions.
Highresolution  Photo-crosslinked polymers Nature [27,28]
perform well in a number of polymers

nanofabrication and 3D
printing fields because the
wavelength of light and the
focusing system of the beam
can significantly change the
resolution of the print.
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powder was added to an appropriate amount of a mild buffer solution (e.
g. phosphate buffer) and stirred to make it uniformly dispersed. Subse-
quently, methacrylic anhydride is slowly added dropwise to the gelatin
solution with continuous stirring to allow for sufficient reaction. The
reaction mixture is allowed to react for some time at an appropriate
temperature, usually room temperature or slightly above room tem-
perature. Upon completion of the reaction, the reaction mixture is
neutralized with an alkaline buffer solution (e.g., sodium hydroxide
solution) to neutralize the unreacted methacrylic anhydride. Finally, the
reaction mixture is washed and purified repeatedly to remove unreacted
compounds and by-products to obtain purified GelMA hydrogels [30].
Albrecht et al. [31] successfully printed soft adipose tissue by adjusting
the composition and handling of GelMA during printing according to
different cell types in order to homogeneously mix human primary
mature adipocytes (MA) and adipose-derived stem cells (ASCs),
respectively. Zhang et al.[32]developed a novel corneal decellularized
extracellular matrix/gelatin methacryloyl (CECM-GelMA) bio-ink as an
artificial cornea customized to personalize the cornea using digital light
processing (DLP) 3D bioprinting technology. The hydrogel was also
loaded with human corneal fibroblasts (hCFs), which showed excellent
performance in promoting epithelial regeneration and restoring trans-
parency However, to print scaffolds for repairing hard tissues, although
it is possible to increase the concentration of GelMA, a high concen-
tration of GeIMA can lead to an increase in the viscosity of the material,
and even to clogging, making it impossible to print. To solve this
problem, Shen et al. [33] printed scaffolds for cartilage repair by mixing
GelMA and glycidyl methacrylate silk fibroin (SG) as a bio-ink (Fig. 2).
GelMA hydrogels are limited in cartilage printing due to their high
sensitivity to matrix metalloproteinases (MMP) degradation sites,
resulting in fragility and rapid degradation [28]. In comparison, Gel-
MA/SG has better mechanical strength and cell survival, as well as
greatly improved shape retention and bio-printability (Fig. 3). Overall,
GelMA is widely used in tissue bioprinting, especially soft tissues, due to
its photosensitivity as well as low immunogenicity and high cell adhe-
sion (it’s arginine-glycine-aspartate (RGD) sequence). However, its
weaknesses make it less popular for use in hard tissues such as bone and
cartilage. Therefore, it is recommended that GelMA be printed with
other polymers such as acrylamide, polycaprolactone, and silk fibroin

UV curing lamp
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nanofibers (SF) to improve its stiffness and printability and to broaden
its application range [34].

2.1.2. Hyaluronic acid

Hyaluronic acid (HA), a polysaccharide molecule naturally occurring
in human tissues, has been widely used in tissue engineering as one of
the main components of ECM due to its excellent biocompatibility and
ability to promote cell migration and repair [35]. However, pure hyal-
uronic acid hydrogels lack printability and suitable mechanical prop-
erties, thus limiting their application for 3D bioprinting. Therefore,
Hyaluronic acid methacryloyl (HAMA), derived from methacryloylation
of hyaluronic acid was formulated. The main synthesis procedure is to
completely dissolve a certain amount of HA in ultrapure water, followed
by a slow dropwise addition of methacrylic anhydride (MA) solution,
and to maintain the pH value at about 8.5 by adding sodium hydroxide.
After 8 h at room temperature, the reaction was dialyzed with distilled
water in a dialysis bag (12,000-14,000 Da) for 3-5 days. The resulting
solution was freeze-dried to obtain spongy HAMA [36]. It can be pro-
mote gelation with lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) under UV irradiation, and the produced hydrogels are not only
stable but can also be used to construct biological organisms [37]. Si
et al. [38] produced a double-crosslinked hyaluronic acid-based wound
dressing by UV cross-linking with HAMA and cross-linking with 3,
3'-dithiobis(propionylhydrazine) (DTP) modified (HA-SH) by click re-
action. The results showed that the dressing had a high dissolution rate
and a high controlled degradation rate as the percentage of HAMA
increased. In addition, both live-dead staining and CCK8 showed good
biocompatibility. In addition to wound dressing, HAMA hydrogel can be
used as bio-ink for organoid printing. Wang et al. [39] developed a 3D
bioprinting islet organoid model using pancreatic extracellular matrixs
(pECM) and HAMA as bio-inks. The results showed that the organoid
promoted the attachment and growth of new blood vessels, had a low
immune-inflammatory response after transplantation, as well as main-
tained blood glucose in the normal range in mice. The researchers
concluded that HAMA in the bio-ink played a crucial role in improving
cell survival and reducing immune responses. There are also many ap-
plications for HAMA in the repair of other tissues. Although HAMA
already has good mechanical stiffness and long-term stability, like
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Fig. 2. Schematic diagram of the preparation of GelMA/SG bio-ink and its application to DLP bioprinting. Reproduced with permission [33].
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Fig. 3. GelMA/SG exhibits enhanced mechanical strength, cell survival, shape retention, and bioprintability. This section details the preparation and analysis of
interpenetrating network (IPN) hydrogels. (a) Preparation schematic and internal network of GelMA, GeIMA/SF, and GelMA/SG hydrogels. (b) SEM images reveal
hydrogel microstructure (scale bar = 100 pm). (c) Pore size statistics. (d) Compressive modulus, (e) failure energy, and (f) stress—strain curves are presented. Data
show mean + SD (*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001). Reproduced with permission [33].

GelMA, it may be difficult to apply it alone for bone tissue repair [40].
Therefore, researchers often choose to mix HAMA with other bio-
materials for 3D bioprinting. Liu et al. [41] customized a biomimetic
multiphase composite bio-scaffold based on polycaprolactone (PCL) and
HAMA. In addition, they incorporated bone marrow-derived mesen-
chymal stem cells (BMSCs) and diclofenac sodium (DC). The former
mainly plays a role in secreting biologically active substances to pro-
mote repair, while the latter mainly plays an anti-inflammatory role.
The PCL chosen by the researchers is a commonly used biomaterial in
bone repair, with suitable mechanical properties, which can greatly
improve the printing ability and mechanical properties of HAMA
hydrogel [42]. The combination of the two can better mimic the struc-
ture of bone tissue, stimulate the regeneration of osteochondral bone,
and realize the recovery of joint function.

2.1.3. Recombinant human collagen

Collagen, a natural biomaterial commonly used in tissue engineer-
ing, is a key structural protein of the ECM that supports the morphology
and integrity of native tissues. However, most of the commercially
available collagen is derived from animal sources and usually needs to
be preserved in an acidic environment, which is not conducive to 3D
bioprinting as well as maintaining cell viability [43]. Additionally,
collagen from animal sources also often has a certain degree of immu-
nogenicity and potential for viral transmission [44]. When using these
collagens for tissue engineering studies or for the preparation of animal
serum, rigorous handling and processing can reduce or even remove
immunogenicity and retain the richness of nutrients. In recent years,
researchers have chosen recombinant human collagen (RHC) as an
alternative to animal-sourced collagen. Although it is synthesized
through genetic engineering techniques, it is classified as a natural
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polymer because its structure and properties are very similar to those of
collagen in nature. Recombinant human collagen is more purified, is
fermented from microorganisms or genetically modified crops, and has a
high degree of reproducibility, as well as low immunogenicity [45]. To
enhance the printability of collagen, researchers chose to modify RHC
with methacrylic anhydride to obtain RHC methacryloyl (RHCMA).
Yang et al. [46] mixed RHCMA with acidified chitosan (CS) as a bio-ink
and printed to form a CS-RHCMA composite scaffold. By varying the
proportion of CS, the mechanical properties of the scaffolds could be
greatly adjusted and the printability of the bio-ink could be improved. In
addition, RHC has good solubility due to its well-defined molecular
structure, which helps to maintain cell viability in 3D bioprinting. In
vitro experiments confirmed that human umbilical vein endothelial cells
(HUVECsS) can still survive in the scaffold for some time after being
printed. Although the polymer network formed by RHCMA is relatively
inhomogeneous and has insufficient mechanical properties, on the
whole, RHCMA provides new ideas for the application of collagen in
tissue engineering.

In addition to the above-mentioned Natural photo-crosslinkable
polymers, many other natural materials can be modified for a wider
range of biomedical applications, such as Methacrylated chitosan,
Methacrylated alginate (MAALG), and Methacrylated silk fibroin et al.
[20,47,48]. Most of them have superior cell responsiveness, cell adhe-
sion, and non-toxic degradation in vivo, but their shortcomings are
obvious when applied to 3D bioprinting, such as high degradation rate
and poor mechanical properties. Therefore, many researchers use syn-
thetic photosensitive materials as suitable alternatives.

2.2. Syntheticpolymers

2.2.1. Polyethylene glycol

Polyethylene glycol (PEG) is a synthetic hydrophilic polymer that
has been widely used in biomedical applications because of its excellent
biocompatibility and low immunogenicity [49]. Xin et al. [50] synthe-
sized PEG hydrogels via thiol-ene click chemistry, which feature rapid
reaction kinetics, high cell compatibility, photo-initiated polymeriza-
tion, tunable crosslink density, and easy incorporation of bioactive
molecules. Compared to conventional nanoporous hydrogels, these
hydrogels form interconnected microporous structures, providing a
more permissive three-dimensional environment for cells, thereby
enhancing cell spreading, migration, and functional performance [51].
In particular, PEG can be chemically modified to achieve a wide range of
functions, with its terminal functional groups and its highly controllable
molecular weight adding to the diversity of materials [52]. For example,
Polyethylene glycol diacrylate (PEGDA) was synthesized by introducing
photosensitive groups on the PEG chain. Inevitably, however, the syn-
thesized polymers resulted in less bio-functional materials due to the
lack of bioactive substances. To solve this problem, Zhu et al. [53]
fabricated novel PEGDA/dCECM scaffolds using a 3D printer based on
stereolithography with decellularized cartilage extracellular matrix
(dCECM) and PEGDA as the bio-ink. The addition of dCECM, which has a
large number of growth factors and abundant extracellular matrixs,
greatly improves the biological function of the material and makes up
for the shortcomings of PEGDA scaffolds. The good mechanical prop-
erties and high biocompatibility of PEGDA make it a new carrier for
osteochondral defect repair as a skeleton.

2.2.2. Poly (vinyl alcohol)

Polyvinyl alcohol (PVA) is a hydrophilic synthetic polymer that has
been widely used in bioscaffolds and gel formation because of its good
biocompatibility and non-toxicity for many biological systems [54]. In
addition, its large number of side hydroxyl groups provides attachment
sites for many biomolecules as well as the possibility of modification.
The rational utilization of this feature provides infinite possibilities for
the modification of the chemical properties of PVA and its derivatives,
such as for the introduction of methacryloyl groups into PVA molecules
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to obtain Methacrylated Poly (vinyl alcohol) (MaPVA). However,
MaPVA hydrogels are poorly effective for cell growth and adhesion
because of their surface resistance to protein adsorption, which limits
their application in biomedical and tissue engineering fields [55].
Therefore, researchers often mix it with other bio-macromolecular ma-
terials to improve its cell adhesion as well as cell growth promotion.
Chen et al. [56] developed maleilated hyaluronate (MHA)/MaPVA
composite nanofibers and formed crosslinked nanofibrous network
scaffolds by photocrosslinking polymerization. HA, as one of the main
components of the extracellular matrix, promotes cell adhesion,
migration, and proliferation, and the incorporation of MHA into this
water-stable electrospun MHA/MaPVA nanofiber membrane gives it
high water absorption, and at the same time, it can promote cell adhe-
sion and growth, which greatly increases the potential of MaPVA
hydrogel for biomedical applications.

In summary, synthetic photo-crosslinkable polymers are less bio-
logically active than natural photo-crosslinkable polymers and are often
unable to support cell adhesion and growth [57]. However, their
chemical and mechanical properties are mostly reproducible, stable, and
tunable due to controllable chemical and biological functional groups.
In addition, customization of chemical properties can be achieved by
introducing other functional groups, providing unlimited possibilities
for their application in multi-tissue repair [58]. Therefore, researchers
should make full use of the customizable chemical properties of syn-
thetic polymers while focusing on improving their biological activities
to achieve the function of promoting cell proliferation and growth.

2.3. Composite photo-crosslinkable polymers

2.3.1. Natural-natural polymers

In addition to the modification of photosensitizing groups on a single
natural-source polymer, there are many researchers who have used
multiple modified photosensitized natural polymers together as bio-inks
for 3D bioprinting to provide customizable mechanical characterization
and additional bioactive sites to maintain cell fates and functionaliza-
tion [59,60]. Feng et al. [24] crosslinked hyaluronic acid modified with
methacrylate and phenylboronic acid groups (HAMA-PBA) and GelMA,
and subsequently assembled with a dynamic cross-linking agent (dop-
amine-modified hyaluronic acid, HA-DA) to prepare to present dynamic
cross-linked microgel assembly (DC-MA) bio-inks (Fig. 4). While previ-
ous conventional microgel bio-inks mostly increased their viscosity by
increasing the mechanical modulus of individual microgels [61], the
bio-inks designed by the researchers increased their viscosity by estab-
lishing stronger interactions while still maintaining the relatively low
mechanical modulus of the microgels, resulting in high printability/-
shape fidelity and high cell viability. The resulting hydrogels can be
prepared to print 3D structures with high shape fidelity and maintain
cell viability without subsequent special treatment, and can also
improve the microporosity, tissue adhesion, and self-healing of the
printed structures, which opens up more possibilities for their applica-
tion in tissue engineering (Fig. 5).

2.3.2. Synthetic-natural polymers

To obtain prosthetic materials with flexible design, adjustable
physical and chemical properties, excellent biocompatibility, mechani-
cal properties, and printability, the use of synthetic polymers together
with natural polymers as inks for 3D bioprinting is also a good option.
Zhou et al. [62] innovatively printed a small-diameter blood vessel with
two layers of different cell types (vascular endothelial cells (VEC) and
vascular smooth muscle cells (VSMC)) by utilizing an advanced 3D co-
axial extrusion platform. They used GelMA, PEGDA, alginate, and algi-
nate lyase as novel bio-inks. Among them, PEGDA was used to improve
the printability and mechanical strength of the printed scaffolds [63];
alginate lyase was mainly used to degrade alginate to create enough
space for the further growth of vascular cells and to promote cell growth
and proliferation. Overall, the novel bionic blood vessels they fabricated
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(A) Preparation of DC-MA bioink

a DC-MA bioink
b Cell-laden DC-MA bioink
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self-healing

Fig. 4. Fabrication and characterization of DC-MA bio-inks. Reproduced with permission [24].

showed good perfusability and mechanical properties, with good cell
growth on the scaffolds to form a distinct two-cell layer structure, as well
as good angiogenic expression. This synthetic-natural polymer material
provides a new idea for clinical small-diameter vascular replacement
applications.

In addition to photo-crosslinked polymers alone, researchers have
also blended photo-sensitive polymers with thermoresponsive polymers
for dual-network crosslinking to print high-resolution scaffolds with
good cell viability [64]. By chemically modifying alginate to introduce
photosensitive groups, it gains the ability for photo-crosslinking while
retaining its ionic gelation properties. Samorezov et al. [65] incorpo-
rated methacrylate groups and RGD peptides into alginate, enhancing it
with photo-crosslinking ability and additional cell adhesion sites. The
covalent crosslinking of methacrylate-modified alginate avoids the
weakening of ionic crosslinking due to ion loss, thereby maintaining the
hydrogel’s mechanical and structural stability. Photo-crosslinking algi-
nate enables the stereolithography of bioinks. Ooi et al. [66] utilized
thiol-ene click chemistry to react norbornene-alginate with
thiol-containing polymer crosslinkers. This approach provides enhanced
spatio-temporal control over alginate’s rheological and mechanical
properties during bioprinting. Norbornene-functionalized alginate
demonstrated good printability at a lower concentration (2 wt%) and
resulted in a more stable 3D structure compared to solely relying on
ionic crosslinking. Kesti et al. [67] blended thermoresponsive polymer
poly(N-isopropylacrylamide) grafted hyaluronan (HA-pNIPAAM) with
HAMA blend as bio-ink and synthesized layered cartilage constructs
using layer-by-layer bioprinting. As a natural component of articular
cartilage, hyaluronic acid (HA) has been widely used in cartilage tissue
engineering [68]. Being one of the main components of the bio-ink, the
thermoresponsive HA-pNIPAAM gels rapidly after deposition onto a
heated substrate and maintains the structural fidelity immediately after

printing [69], and the HAMA ensures long-term mechanical stability
after photocrosslinking. This temperature-sensitive-photosensitive
cartilage construct exhibits excellent rheological properties, swelling
behavior, printability, and good cell survival after loading with cells.

Composite photo-crosslinkable polymers dramatically improve the
mechanical properties and cytocompatibility of a single biopolymer,
improving the mechanical properties of bio-inks as well as the chemical
customizability of the material while retaining the lower antigenicity
and good biocompatibility of natural polymers [70]. Although some of
the synthesized chemical components are not well utilized and degraded
by cells, in general, synthetic-natural hydrogels integrate the advantages
of both polymers and are worthy of extensive future research as well as
clinical translation.

3. Customization of parameters in the photocrosslinking process

To customize photo-crosslinkable 3D bioprinted scaffolds for repair
according to the characteristics of different repair sites, in addition to
choosing appropriate photo-crosslinkable polymers, adjusting the
wavelength and exposure time of the light source and photoinitiators as
well as material pore size during the 3D bioprinting process, etc., the
properties of the final product can be tailored to meet the characteristics
of the repair site [71,72]. Generally, more reactive photoinitiators and
shorter polymer chains produce physically stronger photopolymers,
while shorter exposure times and weaker light intensities result in lower
crosslink densities [23,73]. Researchers can use these methodologies to
create 3D bioprinted materials with specific physicochemical properties
depending on the mechanical properties and cross-linking densities
required for different repair areas (e.g., harder bone and cartilage tis-
sues, softer adipose and vascular tissues, or wound dressings, etc.).
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Fig. 5. The DC-MA bio-ink demonstrates enhanced viscosity, shape fidelity, and cell viability. (A) Rheological data reveal viscosity’s dependence on shear rate and
stress, indicating the ink’s adaptability under different shear conditions. (B) Simulations show dynamic viscosity distribution in a tapered 600 pm nozzle, illustrating
the ink’s behavior during printing. (C) Comparisons of shape fidelity and extrusion stability highlight the DC-MA ink’s superiority over jammed microgel inks. (D)
Cell viability assessments of L929 cells, encapsulated in the ink before and after printing, confirm its biocompatibility. (E) Proliferation studies of these cells within
the DC-MA ink post-printing underscore its supportive environment for cell growth. Statistical significance is marked by *P < 0.05, with n = 3. Reproduced with

permission [24].
3.1. Control of light source

3.1.1. Wavelength of the light source

The light source is one of the most significant elements of the pho-
tocrosslinking process that can be controlled. The wavelength of the
light source has a direct effect on the survival rate of the loaded cells in
the hydrogel and the degree of crosslinking and other mechanical
properties of the material [73,74]. Generally speaking, the wavelengths
of ultraviolet light (UV-A (320-400 nm)) and visible light (400-700 nm)
are used. UV-B (290-320 nm) is not recommended because cellular
nucleic acids typically absorb ultraviolet light in this wavelength range
in small amounts, leading to the synthesis of cyclobutane-pyrimidine
dimers (CPD), which causes cellular damage. The shorter wavelengths
and longer exposure times are likely to induce mutations [75-77], and
also because the smaller depth of penetration of UV light can lead to
uneven cross-linking in the hydrogel region, thus limiting the applica-
tion of hydrogels. The reason for not using UV-C (200-290 nm) is that
this wavelength of UV light is mainly used for sterilization, and pro-
longed use of this wavelength irradiation of the cells will cause the ef-
fects of cellular decline or even death [72,78]. Consequently, despite the
minimal damage inflicted by short-term ultraviolet light exposure [79],
researchers favor using visible light (400-700 nm) as the light source for
its reduced cellular impact. The reason is that visible light is relatively
biologically safe and has a deeper optical penetration depth than UV

light, which allows the hydrogel to crosslink more uniformly and
adequately, resulting in higher cell viability and cell survival after
crosslinking [80]. Goto et al. [81] investigated and compared the me-
chanical characteristics and cell survival of photo-crosslinked GelMA at
visible wavelengths (VW) and at UV wavelengths, and evaluated its
feasibility as a scaffold for bone regeneration. They used Irgacure2959
and riboflavin as photoinitiators in making GelMA hydrogels, respec-
tively. It was found that hydrogels with the same concentration of
GelMA-Riboflavin (RF) irradiated with VW for 60 s and
GelMA-Irgacure2959 (IR) irradiated with ultraviolet light for 20 s
demonstrated showed similar mechanical strength, and the hardness
was suitable for osteoblast differentiation. As shown in Fig. 6, The sur-
vival rate of KUSA-A1 cells encapsulated in GelMA-RF hydrogel poly-
merized with visible light was greater than that of cells encapsulated in
GelMA-IR hydrogel polymerized with UV light. It should be noted that
low concentrations of Irgacure do not significantly affect cell viability;
cell death may result from the cross-linking process of the photosensitive
polymers during long-term ultraviolet irradiation [79].

Furthermore, it was surprising that after they underwent osteoblast
differentiation induction, osteoblasts encapsulated in GelMA-RF showed
a significant increase in osteogenesis-related gene expression at the later
stage of differentiation. This suggests that visible-light crosslinked
GelMA hydrogels have better biosafety as well as biological properties
than UV-crosslinked GelMA hydrogels. Therefore, we recommend the
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Fig. 6. Fluorescence pictures of KUSA-A1 cells stained green (live cells) and red (dead cells). (A) Viability assay of 20 % GelMA hydrogel-coated cells after exposure
to (a) UV or (b) VW light and incubation in vitro for 1 day. (B) KUSA-A1 cells showed decreased cell viability when exposed to (a) UV light in contrast to (b) VW light;

*p < 0.05. Scale bar: 100 pm. Reproduced with permission [81].

use of photoinitiators corresponding to visible light (400-700 nm),
which ensure the biosafety while enhancing the other roles of the
hydrogels, for a wider range of applications in the field of tissue
engineering.

3.1.2. Exposure time of the light source

In addition to the wavelength of the light source, the exposure time
also greatly affects the mechanical and other properties of the resulting
scaffolds. In general, a longer exposure time ensures good mechanical
properties of 3D printed scaffolds [82]. Kim et al. [83] synthesized
chitosan-lactam (Ch-LA) hydrogel scaffolds for bone tissue engineering.
They investigated the effects of exposure time at different UV light on
the mechanical properties, crosslink density, and protein release kinetics
of the scaffolds. It was found that the pore size of the scaffolds was
smaller, the cross-linking density was higher, and the hardness of the
hydrogels was higher as the exposure time increased. In addition,
through the in vitro degradation experiments of the scaffolds, they also
found that the longer the UV exposure time, the lower the wet weight
remaining ratios and the slower the degradation rate. By examining the
release kinetics of BSA from the scaffolds they found that increasing the
UV exposure time reduced the initial burst release of BSA and prolonged
the release duration (Fig. 7). Therefore, varying the exposure time of the
light source can greatly adjust the mechanical, degradation, and bio-
logical properties of the scaffold to tailor the scaffold’s functionality to
fit and meet the requirements of the implantation site.

However, as mentioned above, prolonged exposure to light sources
(especially UV light) also inevitably leads to a decrease in cell viability
[72]. Stratesteffen et al. [84] found that cell viability decreased signif-
icantly with increasing UV exposure time. If the exposure duration to
ultraviolet light exceeds 12 min, the one-week survival rate of hMSCs
significantly decreases. They also concluded that the decrease in cell
viability was not only related to the exposure time but also to the con-
centration of the photoinitiator-Irgacure. In recent years, with the depth
of the study, researchers gradually found that in addition to adjusting
the exposure time of the light source can determine the initial charac-
teristics of photopolymers, light irradiation by post-curing can adjust the
characteristics of shape memory materials as well [85]. Le Fer et al. [23]
synthesized shape memory printed scaffolds using poly(propylene
fumarate) (PPF) star polymers. They found that the glass transition
temperatures and mechanical properties of the generated scaffolds
increased with post-curing time, and their degradation rates showed the
same trend. This finding allows shape memory printed scaffolds to adapt
to large bone defects in complex situations by recovering the desired
complex shape through dynamic response. More than that, the

researchers found that longer light times could mean longer
cross-linking times per layer, which could reduce overall printing
speeds. This could have implications for printing efficiency and build
preparation time. Consequently, choosing the appropriate exposure time
can not only greatly improve the initial mechanical and other specific
properties of the material, but also tailor the properties of post-curing,
which is important for better control of the scaffold microshape.

Other light source parameters, such as optical density, light intensity,
and irradiation distance, also play a crucial role in regulating the me-
chanical, rheological, and degradation properties, biosafety, and other
special properties of the resulting 3D printed scaffolds. For example,
with the increase of irradiation distance, the light penetration depth
gradually decreases, and the hydrogel crosslinking may be inhomoge-
neous [86]. In conclusion, during light-based 3D bioprinting, subtle
adjustment of different light source conditions, including wavelength,
irradiation time, irradiation distance, and light intensity, etc., can better
control the microgeometry and other physicochemical properties of the
materials.

3.2. Control of bio-ink systems

3.2.1. Molecular weight and concentration of polymers

In addition to the above-mentioned changes in light source condi-
tions that affect the properties of 3D bioprinted material scaffolds, the
researchers also found that they can adjust the molecular weight and
concentration of the polymers in the bio-inks, which in turn affects the
physical properties of the resulting scaffold material [87,88]. In general,
the higher the molecular weight of the polymer in the bio-ink, the
stronger the physical strength of the material. This is due to the fact that
polymer networks with higher molecular weights are less bendable.
Nijst et al. [89] constructed elastomeric networks using poly(glycer-
ol-co-sebacate) acrylate (PGSA). The molecular weight of PGSA was
varied while changing its degree of acrylation (DA). The results showed
that the Young’s modulus, ultimate strength, and elongation at the break
of the material were greatly enhanced with the increase in molecular
weight. In addition, the change in the concentration of the polymer also
leads to a change in the mechanical properties printing properties of the
scaffolds. GelMA bio-inks incorporating calcium phosphates micro/-
nanoparticles (CNP) were fabricated by Bhattacharyya et al. [90]. The
growth and morphology were also controlled by varying the concen-
tration of GelMA. It was found that as the concentration of GelMA
increased, the nanoparticle shape gradually transformed into a spherical
shape with a significant size reduction, and the shape fidelity and
structural stability of the printed scaffolds were also improved.
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Fig. 7. In vitro breakdown of hydrogels in (A) PBS (pH 7.4) and (B) PBS (pH 7.4) with lysozyme (100 mg/mL) at 37 °C over 15 days. The degradation pattern was
assessed by measuring the ratio of remaining wet weight of the hydrogels at each interval. Each value represents the mean + standard deviation (n = 4). C. In vitro
cumulative release profiles of BSA from Ch-LA hydrogels over 15 days. BSA was loaded into the prepolymer solution and exposed to 6.9 mW/cm? UV light for (a) 30 s
and (b) 300 s. Release was measured by BCA assay at 560 nm. Each value represents the mean + SD (n = 3). Reproduced with permission [83].

However, higher molecular weights and concentrations of polymers are
not always better. Excessive increases in molecular weight or concen-
tration can lead to increased viscosity of the bio-ink, which reduces its
fluidity, decreases printing efficiency, and even leads to clogging of the
nozzle. In addition, increased viscosity can lead to increased shear stress,
inhibiting cell survival and cell behavior [17]. Appropriately reducing
the molecular weight or concentration allows the bio-ink to pass quickly
through the nozzle and deposit at the designated print area. In addition,
lowering the concentration of the polymer also improves the pore size of
the material, thus providing enough space to support cell growth. Ban-
dyopadhyay et al. [91] mixed different concentrations of silk methac-
rylate (SilMA) and a fixed concentration of PEGDA as a bio-ink and
mixed it with chondrocytes. The results showed that by adjusting the
concentration of SilMA, the researchers could customize the material
that could be adapted to cartilage regeneration with a suitable porous
structure inside, excellent rheological properties, printability, and good

degradation characteristics. Therefore, it is necessary to select the
appropriate polymer concentration and molecular weight to develop
new bio-inks with low viscosity but high performance.

3.2.2. Photoinitiators

Photopolymerization of light-based biomaterials is a process in
which monomers/oligomers are exposed to a light source (UV or visible
light) and cured by light irradiation to form a fixed material [92]. There
are typically two types of photopolymerization: polymerization without
the addition of a photoinitiator and polymerization caused by the
stimulation of the photoinitiator by a light source. Photoinitiator-free
polymerization can be initiated directly by UV or visible light. Farkas
et al. [93] achieved photoinitiator-free polymerization of PEGDA ma-
terial scaffolds using a novel mask projected excimer laser stereo-
lithography (MPExSL) technique. They used UV light at wavelengths of
248 nm or 308 nm for irradiation. Sakai et al. [80] fabricated 3D
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constructs loaded with human adipose stem cells (hADSCs) by using HA
and gelatin derivatives as bio-inks. The scaffolds were formed by poly-
merization of HA with phenolic hydroxyl groups and gelatin derivatives
(labeled with phenolic residues) under Ru (II)/sodium ammonium per-
sulfate (SPS)(Fig. 8). They used a visible light-initiated crosslinking
system and avoided the addition of photoinitiators. By evaluating the
hADSCs in the material, it turned out that the scaffolds promoted their
proliferation while maintaining their differentiation potential.

In addition, researchers have found that avoiding the use of photo-
initiators can lead to scaffolds that exhibit better biocompatibility [94].
However, the use of photoinitiators for light-based 3D bioprinting ap-
plications is still the dominant cross-linking mode at present due to
limitations such as material or technology.

Photoinitiators play a crucial role in the process of photo-
crosslinking, because photoinitiator molecules, after directly or indi-
rectly absorbing light energy, often jump from the ground state to the
excited single-linear state, through the inter-systems scampering to the
excited triple-linear state; in the excited single-linear state or the triple-
linear state undergoes a chemical action, free radicals will be generated,
cations, etc., which will trigger the polymerization of monomers to
cross-link the cured compounds [95]. Moreover, one photoinitiator
cannot be applied to all polymers, and researchers must select specific
photoinitiators according to the bio-ink polymers in order to achieve the
desired photocrosslinking reaction. Depending on the wavelength of the
light source, the more commonly used photoinitiators can be broadly
categorized as UV-sensitive (e.g., Irgacure 2959 and LAP) and visible
light-sensitive (e.g., Ivocerin and camphorquinone). Among the
UV-sensitive photoinitiators, Irgacure 2959 has a certain degree of water
solubility. In addition, it has a high biosafety profile and is widely used
for crosslinking of biomaterials such as GelMA and PEGDA [96].
Compared with Irgacure 2959, LAP has higher water solubility and
photon absorption. Therefore, the material scaffolds formed by using
LAP as a photoinitiator usually have better mechanical strength and cell
growth properties, slower degradation rate, and smaller pore size [79].

Recently, the use of visible light-sensitive photoinitiators to initiate
the photopolymerization of bio-inks has gradually gained more and

Visible light
—>
Ru/SPS
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more attention from researchers because it can circumvent UV irritation,
improve biosafety as well as optical penetration, and maintain high cell
viability in the constructs [97,98]. Double-crosslinked tyr-
amine-modified methylcellulose(MC-Tyr) conjugates were prepared by
a two-step method by Shin et al. [99]. The dual-crosslinked methyl-
cellulose-tyramine (MC-Tyr) hydrogel demonstrates significant perfor-
mance enhancements. Its maximum compressive strength is 16.62 kPa,
compared to only 4.01 kPa for the physically crosslinked sample, with a
notable increase in storage modulus. Regarding swelling properties, the
dual-crosslinked sample shows a swelling ratio below 200 % within 72
h, whereas the physically crosslinked sample reaches 600 %. Printability
and structural stability tests indicate that the dual-crosslinked hydrogel
remains stable for 30 min post-printing and retains its initial structure
even after 60 days in PBS. Cell viability tests reveal that the
dual-crosslinked hydrogel maintains over 90 % cell survival 72 h
post-printing, demonstrating excellent biocompatibility and cell prolif-
eration capabilities, making it suitable for tissue engineering and 3D
bioprinting applications. The so-called double cross-linking is the for-
mation of reversible physical cross-linking (temperature cross-linking)
and irreversible chemical cross-linking (photocrosslinking) by chang-
ing the temperature and or visible light. In this case, photocrosslinking is
promoted by irradiation of visible light to promote crosslinking of the
MC-Tyr solution using a highly biocompatible photoinitiator (RF and
riboflavin 5-monophophate, RFp) [100]. The 3D bioprinted constructs
exhibited excellent mechanical properties and printability, superior cell
survival and good biocompatibility.

Therefore, in conclusion, by choosing the appropriate photoinitiator
system (photoinitiator or adding photoactive groups to the polymer),
researchers can not only customize the construct mechanical strength
and physical and chemical properties, etc., but also prevent free radical-
induced cytotoxicity and improve biosafety.

3.3. Adjustment of the spatial structure and physical characteristics of the
scaffolds

The application of photo-crosslinked 3D printed scaffolds in tissue

Fig. 8. (A) Schematic of the cross-linking system initiated by visible light using the Ru/SPS system; (B) Micro-extrusion process under visible light irradiation; (C)

Overall view of the printing system. Reproduced with permission [80].
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engineering is influenced by their structural and physical properties. For
example, the morphology of the scaffold surface influences cell attach-
ment and proliferation. The roughness and microstructure of the surface
can regulate cell adhesion and differentiation, thus affecting tissue
regeneration. Mechanical properties and mechanical strength of scaf-
folds, such as modulus of elasticity and tensile strength, are critical for
supporting growing tissues and load bearing [101,102]. In addition, in
recent years, researchers have come to realize that appropriate struc-
tural accuracy and resolution are critical for simulating complex tissue
structures, such as bone and soft tissue, and for providing more accurate
scaffold shapes. Therefore, they often choose Multi-Cross-Linking bio--
ink for 3D bioprinting. Hao et al. [103] adopted a step-by-step Multi--
Cross-Linking strategy using Pluronic F127 and HAMA as bio-inks
(Fig. 9).

The bio-inks they designed underwent pre-crosslinking at low tem-
peratures (4-20 °C), followed by self-assembly at body temperature
(87 °C), and final photo-crosslinking. The results showed that the unique
step-by-step cross-linking mechanism they designed ensured that the
bio-inks printed complex structures with very high shape fidelity at
different printing stages, all exhibiting a uniform and interconnected
porous structure, which is similar to the natural extracellular matrix and
maintains the bioactivity of the implanted cells.

The study of the pores of scaffolds has received much attention from
researchers in recent years [104]. Researchers have found that the pore
structure and porosity of printed scaffolds will directly affect cell
spreading, nutrient and waste discharge. Suitable porosity can provide
space for cell growth and contribute to the formation of newborn tissues
[105,106]. Therefore, researchers often customize the pore space of
materials through various ways. To create a three-dimensional porous
gradient structure, Wang et al. [107] mixed two GelMA bio-inks with the
same concentration but containing different substances. The two GelMA
bio-inks contained human mesenchymal stem cells(hMSCs)and different
concentrations of porogen, respectively. By varying the concentration of
porogen (0.5 wt%, 1.5 wt%, and 3 wt%), three gradient zones with
different pore diameters could be observed from an optical microscope,
with average pore diameters ranging from 12 pm, 29 pm, and 65 pm,
respectively. Compared with the bio-ink mixed with 0.5 wt% porogen,
the size of cell clusters increased 2.5-fold and 4-fold in the hydrogel
regions containing 1.5 wt% and 3 wt% porogen, respectively. These
results all indicate that the presence of porogen promoted the formation
of pores in the bioprinted hydrogel constructs, and the higher the con-
centration, the larger the pores formed. The large pores facilitated the
diffusion of nutrients and oxygen between cells and the removal of waste
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products, thus providing an environment that promotes cell spreading
and proliferation.

In conclusion, by tuning the photo-crosslinked polymers and using
different additives, final printed constructs with complex structures with
gradient porosity, density and high shape fidelity can be obtained,
providing ideas for the customization of photo-crosslinked hydrogels.

4. Applications of light-based 3D bioprinting
4.1. Bone tissue engineering

Bone tissue regeneration has been one of several clinical challenges
due to the requirement of high specialized structural and mechanical
properties [108]. In recent years, bone tissue repair and regeneration
using tissue engineering techniques has received much attention from
researchers [109]. Among them, 3D bioprinting is more commonly used
because it can directly print scaffolds with tissue-specific properties,
such as large pores, high mechanical strength, and high pore-interaction
capacity, according to the specific structure and properties of the pa-
tient’s graft site [110,111]. Reconstruction of large bone defects is
challenging due to the lack of adequate blood supply and nutrients such
as growth factors. 3D bioprinting allows for better bone regeneration by
incorporating specific types of cells and growth factors during the
printing process to mimic the hierarchical structure and physiological
functions of natural bone [112]. Rajput et al. [20] proposed a
light-cured methacrylated silk fibroin (SF-MA), and the physical char-
acterization showed that the hydrogels (10-25 wt%) exhibited visco-
elastic behavior similar to bone tissue and good degradability as well as
complex structures with high precision. In addition, they have encap-
sulated preosteoblasts within the hydrogel, where the DLP bioprinted
hydrogel with 15 % SF-MA was able to support the strongest cell pro-
liferation with good cell morphology and cytoskeletal organization.
Cell-mediated calcium deposition gradually increased over 14 days,
substantiating the gel’s ability to drive osteogenesis. As shown in Fig. 10,
for the purpose of repairing bone tissue, Byambaa et al. [113] used
GelMA hydrogel containing silicate nanoplatelets as a bio-ink for 3D
bioprinting and incorporated vascular endothelial growth factors with
graded concentrations to promote vascular proliferation while inducing
bone regeneration. In addition, in order to form perfusable blood vessels
inside the above printed constructs, they also printed cylinders in the
center of the constructs using 5 % gelatin hydrogel with low meth-
acryloyl substitution as bio-ink. The results showed that the construct
exhibited good structural stability and biocompatibility. In vitro
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Fig. 9. Schematic representation of the development of a stepwise multi-crosslinked bio-ink for 3D bioprinting, and its therapeutic illustration. Reproduced with
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experiments also demonstrated that the scaffold could promote endo-
thelial cell value-addition and induce osteogenic and myogenic differ-
entiation of stem cells.

The downside, however, is that they did not validate the function-
ality of the construct by transplanting it into an animal, if the construct
also exhibits excellent regenerative properties in vivo, the bio-ink would
provide a valuable idea for engineered bone construction for the treat-
ment of large bone defects. Unavoidably, however, although good
progress has been made in 3D bioprinting for repairing bone tissue de-
fects, because of the complexity of the bone tissue structure and the
limitations of the existing printing technologies and materials, it is
difficult for constructs to accurately simulate the multiscale layered
structure of natural bone tissue as well as to realize the gradient printing
of the mechanical properties [114], thus there are still many problems
yet to be solved in the repair of bone tissues.

4.2. Cartilage tissue engineering

The body’s natural cartilage tissue is a type of smooth and elastic
tissue that is found in a wide range of organs. However, due to the lack of
blood vessels, nerves, and lymphatic vessels, it is less capable of self-
repair and even more difficult to regenerate than bone tissue [115,
116]. Therefore, the need to repair cartilage tissue using tissue engi-
neering techniques has become more urgent. Photosensitive polymers
for cartilage tissue engineering can be printed while varying the pho-
tocrosslinking conditions according to different implantation sites, thus
customizing the mechanical characteristics of the constructs [67,117,
118]. In addition, bioactive components such as cytokines and cells can
be added to the bio-ink and distributed to specific sites through precise
localization to increase the ability to repair [119,120].

Glycosaminoglycans (GAGs) are one of the main components of the
extracellular matrix and play an irreplaceable role in cell proliferation
and regeneration. And the two most abundant GAGs in cartilage are HA
and chondroitin sulfate (CS) [121,122]. Therefore Levett et al. [68]
added these two GAGs individually or together into Gel-MA hydrogels
(HA-MA and CS-MA) and mixed human chondrocytes into them. The
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results of both in vivo and in vitro experiments showed that the incor-
poration of a small amount of HA into the bio-ink significantly enhanced
chondrogenesis, promoted matrix distribution, and improved the me-
chanical properties of the constructs. And the addition of CS could
enhance certain redifferentiation properties of chondrocytes. They
demonstrated that the incorporation of components from natural carti-
lage into bio-inks can significantly improve the function of the con-
structs, which provides an important idea for future research on
cartilage regeneration or even other tissue regeneration. In recent years,
other researchers have also noted the advantages of extracellular
matrices for repairing cartilage regeneration [123]. Visscher et al. [124]
processed chondro-derived dECM (cdECM) into photo-crosslinked
hydrogel (¢cdECMMA) by methacrylation and mixed with chondrocytes
to make bio-inks. The results of testing the mechanical properties of the
constructs showed that cdECMMA exhibited excellent mechanical
properties, structural integrity, and tissue stability. In addition, the
chondrocytes in the construct maintained strong viability and prolifer-
ation, and secreted cartilage ECM components, including collagen and
GAG. This cdECMMA-based bioprinted construct provides a great help
in personalizing the therapeutic approach to ear cartilage
reconstruction.

4.3. Vascular tissue engineering

A fully functional artificial organ reconstruction cannot be achieved
without the construction of a vascularized network [125]. Although
vascular tissues have some regenerative ability, the ability is relatively
limited. And by printing blood vessels through tissue engineering tech-
nology, larger and more complex tissue structures can be constructed to
facilitate the delivery of blood, nutrients and oxygen in the body and
improve the survival and function of engineered tissues in the organism
[126,127]. In addition, 3D bioprinting better mimics the structure and
function of the natural vascular system, which has potentially important
implications for improving the survival of transplanted organs and
reducing the risk of rejection [128]. However, the development of per-
fusable blood vessels for efficient transplantation remains one of the
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biggest current challenges. Currently, vascular tissues that can be con-
structed by 3D bioprinting fall into two main categories: tubular chan-
nels (1-6 mm in diameter) and microvascular networks. Jia et al. [129]
used GelMA, sodium alginate and four-arm poly (ethylene
glycol)-tetra-acrylate (PEGTA) as bio-inks for bioprinting with a multi-
layer coaxial extrusion system. The bio-ink was initially crosslinked with
calcium ions via sodium alginate, followed by covalent photo-
crosslinking of GelMA and PEGTA, and finally PEGTA was used to adjust
the biomechanical strength of the bio-ink and encapsulate endothelial
and stem cells. The tubular perfusable vascular scaffold exhibited good
biocompatibility and high histocompatibility. In addition to tubular
perfusable vessels, microvascular systems can also be constructed with
light-based 3D bioprinting systems. Moor et al. [130] utilized triculture
HUVEC/HFF/ADSC spheroids in conjunction with GelMA hydrogel and
Irgacure 2959 to construct a microvascular system. Upon implantation
of this microvascular construct into the chick chorioallantoic mem-
brane, the constructs showed features compatible with host blood ves-
sels and exhibited strong angiogenic potential. Zhu et al. [131] used
glycidal methacrylate-hyaluronic acid (GM-HA) and GelMA as a bio-ink
for the construction of a microvascular system by utilizing DLP-based
rapid bioprinting and microscale continuous optical bioprinting
(pCOB) techniques to construct vascular structures. Both in vivo and in
vitro experiments showed that endothelial cells could survive and pro-
liferate in the constructs, spontaneously forming lumen-like structures
and functional endothelial networks. Functional blood vessels contain-
ing anastomosing regeneration of erythrocytes were observed between
the constructs and the host circulation. However, despite some initial
successes in printing large tubular blood vessels and small microvascular
networks with light-based 3D bioprinting, there is still a long way to go
to achieve long-term perfusion of blood vessels ex vivo as well as
mimicking vascular characteristics of certain complex tissues (e.g.,
alveoli and glomerulus) and successful clinical translation [132].

4.4. Skin tissue engineering

The skin is one of the largest organs of the human body and has a
variety of important physiological and biological functions that are of
great significance to the human body [133]. It can act as the body’s first
line of defense against external physical, chemical and biological stim-
uli. And after trauma, burns and chronic inflammatory ulcers, improper
healing of the skin tissue may lead to infection and scar tissue formation,
which not only fails to prevent the invasion of microorganisms and
harmful substances, but also impacts aesthetics [134,135]. With 3D
bioprinting, researchers can create tissues that resemble a patient’s own
skin for burn and trauma repair and to reduce the patient’s immune
rejection and promote wound healing. In addition, 3D bioprinting can be
performed by adding the patient’s own cells or growth factors, for
example, to the bio-ink to achieve high bioactivity of the constructs
[136]. Michael et al. [137] produced a skin substitute using
laser-assisted bioprinting (LaBP) technology and placed fibroblasts and
keratinocytes in the upper layers. After placing this skin substitute on a
full-thickness skin wound in nude mice, the results showed that the
grafts completely fused with the surrounding tissue, formed a thin
stratified tissue in the epidermal region, and began to differentiate and
form the stratum corneum. In addition, fibroblasts secreted large
amounts of collagen, and all of these results demonstrated the formation
of a new skin-like tissue.

Since the skin is the first barrier to contact with the outside world,
there are many bacteria that colonize it [138]. Therefore, early wound
management is essential to prevent wound infection and promote
wound healing [139,140]. 3D bioprinted scaffolds with some antimi-
crobial properties can prevent and treat wound infection and enhance
the success of construct grafting. Li et al. [141] synthesized methylene
blue (MB)-loaded UiO-66(Ce) nanoparticles (NPs). And the synthesized
NPs were compounded with photo-crosslinked silk fibroin (SF)/gelatin
hydrogel to finally form MB@UiO-66(Ce)/photo-crosslinked hydrogel.
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The in vitro evaluation of the constructs revealed that the printability
and mechanical properties of the bio-inks were greatly improved by the
incorporation of NPs. In addition, the constructs exhibited good
biocompatibility and could promote the migration and proliferation of
fibroblasts. What’s more, the hydrogels exhibited good antimicrobial
effects, and the antimicrobial effects were more obvious with the in-
crease of concentration. In vivo experiments also confirmed the con-
structs’ function of promoting wound repair.

However, most of the current research focuses on adding growth
factors, cells or other additives, etc. to the constructs to achieve their
function of repair, and less research has been conducted on mimicking
the multiple structures of natural skin tissues (e.g., blood vessels, nerves,
and skin appendages, etc.) [142,143], which may be attributed to the
thin structure of the skin, making it difficult to achieve multi-layer,
multi-tissue printing in the constructs. Therefore, for the clinical trans-
lation of 3D light-based bioprinting, this will be one of the next chal-
lenges that researchers will work together to solve.

4.5. Cardiac tissue engineering

The significance of the cardiac tissue to the human body cannot be
overstated; it is the central organ that sustains life and plays a decisive
role in maintaining blood circulation and the supply of oxygen [144].
Heart disease and dysfunction can lead to a wide range of health prob-
lems, so keeping the heart healthy is key to maintaining overall physical
health [145]. Heart tissue is poorly regenerated, with cells no longer
increasing after birth in most mammals, and heart injuries are usually
filled with scar tissue rather than new heart muscle cells. However, heart
transplantation has a very limited application due to scarcity of donors
and immune rejection, making it difficult to save most patients. There-
fore, the use of tissue engineering techniques to repair the heart muscle
using the patient’s own cells or biocompatible materials not only re-
duces immune rejection, but also effectively solves the donor problem
[146,147]. In addition, through the application of tissue engineering
technology, researchers can also study the mechanisms as well as the
structure of cardiac diseases in greater depth, which can help to un-
derstand cardiac development and disease processes. Ma et al. [148]
developed an in vitro human cardiac tissue model using light-based 3D
bioprinting technology by mixing cardiomyocytes from healthy
wild-type (WT) and Long QT Syndrome Type 3 (LQT3)-labeled plurip-
otent stem cell-derived cardiomyocytes (iPS-CMs) into a UV-cured fila-
mentous matrix and precisely regulating the structural arrangement of
the CMs and adjusting the mechanical environment of the cells. Using
this heart model, they found that these iPS-CMs beat arrhythmically
compared to normal cardiomyocytes. They also studied the different
responses of the diseased cardiomyocytes to different drugs, and pre-
liminarily explored the phenomenon and causes of their contractile
dysfunction. In addition to the complex structure, multicellular in-
teractions greatly influence the function of the heart. To study the in-
teractions between cardiomyocytes and fibroblasts in vivo, Kumar et al.
[149] fabricated fibrin-gelatin bio-inks in which iPS-CMs and cardiac
fibroblasts were mixed. The results showed that the printed constructs
displayed a porous mesh structure with long-term in vitro stability.
Cardiomyocytes showed excellent viability and proliferation in the
constructs, and the expression of troponin I cardiac markers was
increased. In addition, immunochemical results showed heterocellular
coupling between the two cell types through Connexin43 adhesion
junctions, which is extremely important for revealing cellular in-
teractions, disease regulatory mechanisms, and the maintenance of
normal physiological function of the human heart wall. In addition, the
model can be used for cardiac drug cytotoxicity screening or revealing
the causative factors of cardiac diseases in vitro. In addition to
mimicking the complex structure of the heart as well as the cells,
photo-crosslinked polymeric biomaterials for cardiac tissue printing
should also have electrical conductivity to facilitate electrical coupling
between neighboring cells. Zhu et al. [150] used GelMA and gold
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nanorods (GNRs) as bio-inks for cardiac tissue scaffold printing. The
results showed that the addition of GNR increased the adhesion of car-
diac cells and improved cell-to-cell coupling, enabling synchronized
contraction of this construct compared to the construct without GNR. In
conclusion, although many researchers have revealed cardiac tissue
ultrastructure as well as in vivo cellular morphology and responses (e.g.,
cell-cell or cell-matrix interactions) [151], how to integrate various
cellular and complex cardiac structures to improve the applicability of
3D bioprinting remains a major challenge.

4.6. Skeletal muscle tissue engineering

Skeletal muscle constitutes approximately 45 % of human body
weight, involving over 600 muscles responsible for support, stability,
locomotion, and metabolic regulation [152]. Muscles are prone to
trauma and myopathies, and in the United States, around 4.5 million
reconstructive surgeries are performed annually, incurring healthcare
costs in the billions of dollars [153]. Skeletal muscle tissue engineering
(SMTE) aims to replace or restore functionality in muscles damaged by
disease, injury, or surgery. To enhance the functionality of engineered
muscles, researchers focus on mimicking the structure and microenvi-
ronment of in vivo skeletal muscle. A common strategy involves creating
anisotropic scaffolds to align muscle cells and promote myogenesis.
Despite various materials and methods used in SMTE to generate muscle
tissue in vitro, the functionality of these constructs remains inferior to
that of natural muscle.

Three-dimensional bioprinting allows precise deposition of matrix
and cells to construct complex structures [154]. Gao and Cui demon-
strated that bioprinting can deposit mouse myoblasts (C2C12) with high
precision and viability, enhancing physiological responses [4]. Bashir
et al. created bio-bots using stereolithography, driven by skeletal muscle
cells to perform simple tasks [155]. To overcome the spontaneous
contraction of skeletal muscle tissue on flexible substrates, researchers
developed biohybrid robots powered by antagonistic muscle pairs,
showing large-range movements and sustained activity [156]. Addi-
tionally, advanced constructs mimicking skeletal muscle tissue have
been fabricated using additive manufacturing and other scaffold tech-
nologies. For example, Yeo and Kim used wet electrospinning to create
aligned and random PCL microfiber bundles, observing higher organi-
zation and differentiation of cells on aligned fiber scaffolds [157]. Lee
et al. bioprinted human muscle progenitor cells and implanted them in a
rat model, restoring significant muscle strength and achieving good
vascular and neural integration [158]. Kaplan et al. cultured human
myoblasts in silk and hydrogel, observing functional neuromuscular
junctions [159].

The potential of 3D bioprinting in skeletal muscle applications is
substantial, including addressing organ transplant shortages, improving
drug screening accuracy and safety, and advancing personalized medi-
cine. However, several challenges must be addressed for clinical
implementation. These include slow progress in soft material printing,
the need for improved printing resolution and speed, high-throughput
printing, and the bioprinting of thick tissues. Furthermore, identifying
suitable cell sources and developing optimal bioinks are crucial for the
advancement of this technology.

5. Conclusion and outlooks

In recent years, light-based 3D bioprinting has shown great potential
in the field of tissue engineering and regeneration due to its excellent
characteristics [130,160,161]. The main advantages are: 1. High reso-
lution and precision: Light-based 3D bioprinting technology has been
noticed for its high resolution and precision. This characteristic is
mainly due to its use of photolithography. Photolithography is a method
of patterning compounds using light-sensitive compounds in response to
light. In bioprinting, this process enables high-precision localization and
patterning of biomaterials. During photolithography, a photomask can
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be used to project light through the light-transmitting portion of the
template, exposing the light-sensitive biomaterial to light. This permits
the formation of high-resolution structures on a microscopic scale. In
addition, light-based 3D bioprinting typically employs layer-by-layer
processing by stacking biomaterials layer by layer, resulting in com-
plex three-dimensional structures. The high resolution and precision of
each layer is compromised by photolithography and therefore main-
tained throughout the structure [162]. 2. Multi-material printing: A
single material may be difficult to meet the various requirements of a
specific repair site, so in recent years researchers have worked to
develop technologies that can print multiple biomaterials (cells, scaf-
folding materials, etc.) at the same time in order to better mimic the
complexity of human tissues [163].3. High cell viability: Light-based 3D
bioprinting allows for the curing of materials through a rapid photo-
polymerization reaction. This process which is often rapid, helps to
reduce the time the cells are exposed to unsuitable environments, thus
improving cell survival. In addition, the technology allows for precise
control of the distribution of cells in a three-dimensional structure.
Through precise lithography, the cells can be accurately positioned in
each layer of the print, allowing them to be evenly distributed
throughout the structure [102,164]. Prior to bioprinting, the cells can
also be pre-treated, such as co-mixing with scaffolding materials and
addition of growth factors, to improve cell adaptation and survival.

To improve the success rate of transplantation of 3D bioprinted
constructs, it is important to understand the tissue specificity of the
different tissues that are transplanted. For example, different tissues
have different mechanical properties and structural characteristics. For
example, skeletal tissues require supports with high rigidity and strength
[165], while soft tissues such as blood vessels require softer, stretchable
supports [130,166], and cardiac tissues even require scaffolding mate-
rials that can conduct electrical signals [167]. Therefore, when selecting
bio-inks for use in the repair of different tissues, it is necessary to
consider whether their mechanical and other physical properties will
meet the needs of a particular tissue. In addition, some tissues need to
provide support for cell attachment and growth, such as skeletal and
vascular tissues [168]. The surface properties and chemical composition
of the constructs may need to be adjusted to promote attachment and
growth of specific cell types. Furthermore, the degradation properties of
the scaffold need to be adjusted to the physiological properties of the
target tissue. Some tissues may require prolonged support, while others
may require shorter support and allow natural regenerative processes to
occur [169,170]. Thus, it is imperative to tailor the characteristics of the
scaffold to the tissue specificity of the repair site.

In general, the customization of the constructs can be achieved by
selecting special polymers, adjusting the wavelength of the light source
and the duration of the light exposure, as well as changing the polymer
concentration and selecting suitable photoinitiators. The constructs
formed by different photosensitive polymers after photo-crosslinking
mostly have different properties. In addition, various nanomaterials
such as graphene oxide (GO) and carbon nanotubes (CNTs) or magnetic
nanoparticles (MNPs) can be added to the polymer bio-inks [171,172].
Some researchers have found that these nano-additives can simulta-
neously improve the printability, size-structure stability and mechanical
properties of biomaterials [173,174]. The light source also has a great
impact on the final properties of the constructs. Different wavelengths
often represent different types of light sources (UV-A (320-400 nm),
UV-B (290-320 nm), UV-C (200-290 nm) and visible light (400-700
nm)). Most photoinitiators operate in the ultraviolet range, where pro-
longed exposure to large doses of UV light may affect cell viability or
even trigger cell mutations, but short-term UV exposure is essentially
harmless to cells [79]. Compared to UV light, visible light is less efficient
for photoinitiation although it is more penetrating and effective in
providing good cytocompatibility. Light exposure time also significantly
affects the physicochemical characteristics of the constructs [84,85,
175]. Whether it is UV or visible light, varying the light exposure time
changes the degree of cross-linking of the constructs. This may improve
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the mechanical strength and stability of the constructs, but it may also
lead to excessive cross-linking, affecting the elasticity and plasticity of
the constructs. In addition, longer light times may mean longer cross-
linking times per layer, which may reduce overall printing speed, affect
cell survival, etc. Changing the structure and pore size of the constructs
has also been shown to affect the properties and performance of the
constructs in a number of ways. Increasing the porosity of a construct
can result in a lighter and looser construct, potentially reducing its
overall strength and stiffness. Suitable pore size and distribution may
provide better cell invasiveness and promote cell growth and differen-
tiation [176]. Therefore the structure and pore design of the constructs
need to be considered to mimic the microenvironment of the target
tissue. Proper structural and pore design helps the constructs to better
integrate with the surrounding tissues and improve biomatchability.

Despite the rapid development of photocrosslinking-based 3D
printing technologies in recent years, there are still some challenges to
further improve these technologies for clinical translational applica-
tions. The main reasons are as follows: 1. Selection of biomaterials:
Although a wide range of polymers and additives can be used when
designing bio-inks in vitro. However, for true clinical translation, a
lower cost, simple to synthesize, but feature-rich bio-ink design is what
is needed. Printed biomaterials need to be sufficiently mechanical,
biocompatible and degradable at the same time. Finding the ideal bio-
materials that can both meet these requirements and be printed is a
challenge [177,178]. 2. Cell handling: How to maintain cell survival and
function during the printing process and how to accurately position the
cells in the desired location is a problem that needs to be solved [179]. 3.
Speed and efficiency: Some printing techniques can take a long time to
complete, limiting their efficiency in real-world applications. Increasing
the speed of printing while maintaining the high precision of the
structure is an issue that needs to be addressed. 4. Standardization:
There is a lack of standardized methods for light-based 3D bioprinting,
which makes it difficult to compare results between different labora-
tories. The development of uniform standards is crucial for the further
development of this technology.

The application of photo-crosslinked 3D bioprinting technology in
the field of tissue engineering has been evolving. It can rapidly produce
high-precision, highly biocompatible, multi-material and multi-cell type
printed constructs with complex geometries for repairing various tissues
and organs [180]. In addition, with extensive multidisciplinary ex-
changes and collaborations in recent years, its unique advantages make
it a powerful tool that is expected to advance the field of tissue engi-
neering. Overall, the continuous innovation and development of
photo-crosslinked 3D bioprinting technology has brought many new
opportunities and challenges for tissue engineering. In the future, as the
technology continues to advance, it is believed that it will play an even
more important role in the field of medicine and bioscience.
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