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Abstract
Background: In recent years, three-dimensional (3D) printing has begun to be widely used in tissue engineering.
Natural biomaterials have been employed to overcome the limitations of synthetic polymers. However, their low
mechanical strength and poor printability are major disadvantages. Photocrosslinking is the most promising
fabrication strategy because it is non-invasive and easy to control light intensity and exposure. In this article,
developments of photocrosslinkable natural biomaterials in the field of 3D printing are reviewed.
Main body: Photocrosslinkable biomaterials can be broadly classified into materials that use ultraviolet (UV) and
visible lights. Many natural biomaterials such as gelatin, hydroxyapatite, silk fibroin, and pectin have been modified
through acrylation, crosslinked by 365 nm UV light, and 3D printed. Riboflavin could also be used to crosslink and
print collagen or decellularized extracellular matrix (dECM). In the case of silk-like aneroin and modified gelatin,
crosslinking is possible by forming a dityrosine bond using 452 nm visible light.
Conclusion: Despite the tremendous researches on the developments of photocrosslinkable 3D printing natural
biomaterials, further efforts are necessary to develop source biomaterials with excellent biological functions and
sufficient mechanical integrity.
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Introduction
Three-dimensional (3D) printing in tissue engineering
field is a fast and solid construction method for highly
automated and reproducible production of 3D structural
bioscaffolds. This is a technique that can solve the
spatio-temporal placement of biomaterials, cells, and
many functional materials, which was difficult with
conventional tissue engineering methods [1]. 3D printing
requires 3D design through a computer and construction of structures through various printing methods. The
most commonly used 3D printing methods are extrusion, ink-jet, and light-assisted printings [2, 3]. For extrusion 3D printing, the resolution is much lower than
other methods. Ink-jet 3D printing is generally limited
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to low viscosity materials [4]. Light-assisted 3D printing
is costly and the available material constraints are very
large [5, 6]. Therefore, researchers need to select a suitable printing method depending on physical properties
of 3D printing materials.
To be used as an ideal 3D printing material, it should
have sufficient mechanical property and structural integrity, but at the same time, it needs excellent biological
characteristics [7]. While many synthetic polymers have
been widely used as 3D printing materials, they only
provide sufficient mechanical properties but cannot have
biological functions [8, 9]. Thus, they can only be used
in limited tissue engineering areas such as implants. To
overcome the limitations of synthetic polymers, natural
biomaterials have begun to be considered. However,
despite their excellent biocompatibility, it is difficult to
make 3D structures due to their insufficient printability
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and mechanical integrity [10, 11, 12]. In addition, cell
behaviors are greatly affected by mechanical properties
of 3D structural bioscaffolds. Thus, proper cell types
should be used depending on the mechanical properties
of 3D structures to mimic the actual native tissues and
organs (Fig. 1) [13, 14]. Lots of researchers have been
struggling to develop suitable 3D printing materials with
high printability and excellent biocompatibility.
One approach to solve the problem of insufficient
printability and mechanical integrity of natural biomaterials is the use of the additional crosslinking strategy.
Among many crosslinking strategies, photocrosslinking
has been considered as the most promising method to
allow rapid and durable curing by forming additional
intra−/inter-molecular chemical bonds [15]. In this article, we reviewed the types of photocrosslinkable 3D
printing natural biomaterials and the recent advances in
their developments (summarized in Table 1).

Major 3D printing strategies in tissue engineering
Extrusion 3D printing

Extrusion method is the most widely used 3D printing
technology in recent decade. This method pushes a
printing material using pneumatic, piston, or screwdrive. The biggest advantage of extrusion is that any materials can be used if they have sufficient viscosity [16].
Moreover, 3D printing can be easily implemented without a deep understanding of the technology [17]. However, despite this convenience and versatility, there are
also some disadvantages compared to other technologies. The biggest drawback is low resolution, which typically cannot be deposited more precisely than 100 μm,
resulting in a rough surface [18].
Ink-jet 3D printing

Ink-jet printing dispenses droplets from thermal or
piezoelectric actuator and generates 3D structures. The
advantages of ink-jet are relatively low cost, fast printing
process, and high resolution [16]. However, limited
range of printing materials and their low mechanical

Fig. 1 Elastic modulus of native tissues and organs [13, 14]
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properties are major disadvantages [19]. Because surface
tension cannot be overcome and droplets cannot be
formed when viscosity is too high, only ink with a viscosity of less than 30 cP can be available [20, 21]. Due to
the low viscosity conditions, ink concentration is also
low, resulting in difficult formation of stacks or solid
layers.
Light-assisted 3D printing

Light-assisted 3D printing systems can be categorized
into two subgroups: digital light processing (DLP)- and
laser-based printings [22]. In the case of DLP method, it
is very similar to stereolithography. A light, such as
ultraviolet (UV), is exposed to a photopolymerizable
pre-polymer solution and produces a 3D scaffold in
layer-by-layer form [23]. For laser-based printing, donorslide contains a printing material and laser radiation
absorbing layer. When laser pulse is focused on donorslide, droplets are formed by evaporation and deposited
on collector-slide [24, 25]. Common advantages of lightassisted printing are high resolution and fast processing,
and does not require supporting material. However, the
disadvantages are high cost and large constraints of
available printing materials (only photopolymerizable
materials can be used) [5, 6, 18].

Key advantages and disadvantages of
photocrosslinking
Photocrosslinking has several advantages over other crosslinking methods. The accuracy of printed structures can
be of great benefit. If a 3D printing material does not solidify quickly after exiting nozzle, it will be dispersed and
finally results in lower resolution. Also, while high
temperature or different pH may liquate the existing layer,
generally light does not. Light is easily adjustable for application and intensity. In addition, partial exposure by position control is also possible. Controlling the printing
process is easy because it is not restricted by mixing time
and gelation time and does not depend on other variables.
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Table 1 Several parameters of recently developed nature-derived photocrosslinkable biomaterials for 3D printing
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It is also possible to adjust curing speed and curing degree
of output structure as required [26].
Nevertheless, there are some disadvantages at the
same time. First, the types of photopolymerizable functional groups that originally exist in natural biomaterials
are very limited. Although photopolymerizable functional groups can be introduced through chemical conjugations, there is a high possibility that cytotoxicity
might be induced by newly attached chemical groups. In
addition, the number of water-soluble and non-cytotoxic
photoinitiators is very limited [27].
UV light-based photocrosslinkable biomaterials

UV is the most widely used light source for photocrosslinkable materials. The most widely used method for
imparting UV curing property is acrylation. Most of the
biomaterials, including methacrylated gelatin (GelMA),
have been conjugated with acrylate for photocrosslinking. Typically, methyl methacrylate (MA) or glycidyl
methacrylate (GMA) is used to make C=C double bonds
in target biomaterials [28]. Photocrosslinking can be initiated by dissolving the photoinitiator in the prepared
material and exposing UV at a wavelength of 365 nm.
Unfortunately, the disadvantage of acrylation is that biocompatibility can be impaired. After photocrosslinking,
unreacted acryl groups can cause an inflammatory reaction [4, 29]. In addition, there is the possibility of cytotoxicity and potential gene mutation effects by UV
radiation [30]. Irgacure 2959, the most commonly used
photoinitiator, is cytotoxic [31]. Thus, researches on the
development of more cell-friendly photoinitiators are
underway, but there are still disadvantages such as low
efficiency and high synthesis cost.
Acrylated biomaterials

Gelatin is a protein that is obtained by hydrolyzing and
purifying natural proteins composed of animal skins,
cartilage, tendons, and the like. Gelatin is one of the substances present in extracellular matrix (ECM), which can
improve cell adhesion and support cell growth and biological function due to its properties like RGD motif
[32]. However, for 3D printing, pure gelatin is difficult
to be used because of its mechanical properties. Gelatin
is very sensitive to temperature; generally exists as a gel
at a temperature below 35 °C but forms a liquid at a
higher temperature. Therefore, when the physiological
temperature is maintained, it exists as a liquid with low
viscosity [33]. To overcome this problem, GelMA was
developed in the 2000s. GelMA has attracted much attention in the field of tissue engineering due to its good
bioactivity and physico-chemical properties which were
achieved by UV light-mediated photocrosslinking [34].
Numerous studies have already been conducted using
GelMA and its commercialization was achieved.
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After the successful development of GelMA, various
methacrylated biomaterials, such as methacrylated
hyaluronic acid (HAMA), chemically modified silk fibroin by glycidyl methacrylate (SilMA), and pectin
methacrylate (PECMA), have been developed. Hyaluronic acid (HA) is an anionic glycosaminoglycan that
is abundant in ECM. It has a very high viscosity and
a molecular weight of several million daltons in vivo
according to sources [35]. HAMA based on HA was
synthesized to allow the formation of photocrosslinkable hydrogel. It was successful in printing HAMA/
GelMA hydrogels containing brown adipose tissue
and white adipose progenitor cells [36, 37].
PECMA based on pectin was developed to allow
double crosslinkings by UV light and CaCl2 [38]. Biofunctionalization of PECMA was also reported by fusion
with cell adhesive peptide RGD. RGD-PECMA was able
to be printed with human neonatal dermal fibroblasts,
and it was confirmed that it maintained cell function
even after 14 days of incubation.
Silk fibroin-based SilMA was also developed with the
use of photoinitiator, lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP), which has higher water solubility and lower cytotoxicity than irgacure 2959 [5]. SilMA
was proper for laser-assisted printing because its viscosity is relatively low but the mechanical properties of the
final printed structure are high. It showed a good resolution that can be up to 66 μm depending on the shape
and the integrity of the printing structure was also very
good. Its short-term and long-term biocompatibility experiments were also verified. The cytotoxicity of NIH/3
T3 cells was confirmed for 14 days and there was no significant difference compared to the case of GelMA. In
addition, SilMA-based ring-shaped cartilage-like tissue
containing human chondrocytes was observed for 4
weeks and provided a good environment for chondrocyte survival and cartilage formation.
Non-acrylated biomaterials

Another photoinitiator for UV curing is riboflavin, also
called vitamin B2. The main advantage of riboflavin is
that it naturally exists in the body, unlike other photoinitiators, and is not cytotoxic [39]. Riboflavin can cause
covalent binding of collagen and proteoglycan core proteins through UV irradiation [40]. Riboflavin-mediated
photocrosslinkable collagen was developed [41, 42] and
its printability and shape fidelity were investigated [43].
However, because its reaction time was too long and
mechanical properties and resolution were still very low,
it was difficult to make multilayered 3D structures [41].
One of the natural biomaterials that have recently
been attracting much attention is decellularized ECM
(dECM). This biomaterial is capable of dynamically
interacting with cells and can affect cell migration,
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proliferation, and differentiation. dECM has the advantage that it can provide almost the same microenvironment as natural tissues in 3D microstructure [35, 44].
However, if complete decellularization cannot be
achieved, these advantages might be completely negated
in vivo. In addition, possible contaminated cellular
DNAs might cause an immune response. Thus, the establishment of optimal decellularization process is important; too strong process can also cause severe
damage to ECM materials [45, 46]. 3D printing using
riboflavin-mediated dECM was attempted with mixing
cardiac precursor cells, and the print resolution was adjusted from 114 to 860 μm by controlling parameters
[47]. Each layer was printed with a curing time of 3 min
and succeeded in printing up to 10 layers. After culturing the printed 3D constructs for 7 days, high survival
and proliferation of cardiac precursor cells were observed and differentiation into myocardial cells was also
confirmed.
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able to allow survival of more than 85% COS-7 cells
after 3 days.
Aneroin is a silk-like repetitive protein derived from sea
anemone [53]. It has superior biodegradability compared
to silk fibroin while showing excellent mechanical properties by β-spiral secondary structures. Aneroin is genetically
producible and, unlike naturally extracted biomaterials directed from organisms, it can have uniform properties in
molecular weight and the like. In addition, high tyrosine
content is advantageous for dityrosine photocrosslinking.
Aneroin was developed as a 3D printing material by mixing with HA to improve viscosity and introduce biological
function [15]. The resolution was freely adjustable
between 100 μm and 950 μm. Without sacrificial layers,
complex 3D structures were successfully constructed. It
showed excellent compression modulus of up to 6.42 MPa
at 40% strain. It was also demonstrated good cell compatibility for 4 cell lines including mesenchymal stem cells.
Unlike silk fibroin-based constructs, multinuclear giant
cells were not found in the aneroin-based 3D constructs,
indicating that the immune response was not induced.

Visible light-based photocrosslinkable biomaterials

Another promising type of photocrosslinking is the use
of phenolic residues in target natural biomaterials. Tyrosine, one of the 20 standard amino acids, has a phenol
functionality. There have been attempts to form hydrogels through the formation of dityrosine bonds, a crosslinked form between two tyrosines, using horseradish
peroxidase and H2O2. Dityrosine bonds also can be
obtained even when iron ions are used to cause Fenton
reaction [48].
Recently, there has been an attempt to artificially produce these dityrosine bonds using photoinitiation. Tris(2,
2′- bipyridine)ruthenium(II) (Ru(II)bpy32+; Rubpy), a
photoinitiator, and persulfate, an electron acceptor, can
generate radicals using blue light of 405 nm wavelength
[49]. The advantage of this reaction is that it can avoid the
potential mutation and phototoxicity because it uses safe
visible light [15]. The very fast reaction rate is also another
advantage. In addition, there is no need for chemical conjugation of functional groups on target biomaterials. However, because the radical reaction is explosive, there is a
high risk of instantaneous cytotoxicity during the reaction
[50]. Although most persulfates disappear in the process
of forming dityrosine bonds, remained persulfates may be
toxic if not completely consumed during the reaction [51].
Therefore, optimizations of crosslinking time and crosslinking agent concentration are necessary.
Materials that can use visible light include gelatinhydroxyphenylpropionic acid conjugate (Gtn-HPA) and
aneroin. Gtn-HPA is a biomaterial conjugated with a
substance having a phenolic functional group and was
developed as a 3D printing material that can be cured
with visible light using Rubpy [52]. This material was

Conclusion
One of the important goals for 3D printing research in tissue engineering area is to develop ideal 3D printing materials that can have both excellent biocompatibility and
high printability. Additional crosslinking approach has
been utilized to overcome low mechanical property problem when using natural biomaterials. Photocrosslinking
strategy is easy to control and non-invasive. In addition, it
can be performed at mild conditions of temperature and
pH. Thus, various types of nature-derived photocrosslinkable biomaterials have been developed. Despite the
tremendous efforts on the development of photocrosslinkable 3D printing biomaterials, there are still many
challenges to increase printability, biocompatibility, biofunctionality, biodegradability, and scalability.
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