Open Access Article. Published on 05 June 2019. Downloaded on 6/21/2026 11:59:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

REVIEW

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue,

{ ") Check for updates ‘

Cite this: RSC Adv., 2019, 9, 17737

Gelatin methacryloyl (GelMA)-based biomaterials
for bone regeneration

Zhengiang Dong,? Qijuan Yuan,1® Keging Huang,® Wanli Xu,® Guiting Liu*®

Gelatin methacryloyl (GelMA)-based biomaterials have been widely used in various biomedical applications
due to their suitable biological properties and tuneable physical characteristics. In particular, GelMA can be
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used as a versatile matrix for bone tissue engineering scaffolds via various strategies to overcome major

obstacles such as insufficient mechanical property and uncontrollable degradation. This review presents

DOI: 10.1039/c9ra02695a

rsc.li/rsc-advances

Introduction

Bone defects caused by physical injuries from accidents need
effective treatments; as is known, natural bone tissue is
a complex material composed of inorganic and organic
composites with an elaborately hierarchical structure at macro-,
micro- and nano-scales, which results in extremely high
strength and toughness.'” Moreover, the broadly distributed
blood vessels in natural bone provide nutrition and clear waste
to support tissue metabolism. For a healthy natural bone, which
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the research status of GelMA, its structure and function, GelMA-based biomaterials and the development
of methods along with their existing challenges.

possesses excellent self-healing ability, small size defects could
be mended over time without any extra management or
surgeries.* The healing process mainly refers to three steps:
cartilage formation, biomineralization in the cartilage and bone
formation. During this process, the related cells would be
recruited to the defect with a specific microenvironment and
growth factors, followed by proliferation and differentiation,
which could lead to mineralization and ultimately regeneration
of bone tissue. However, in the case of severe bone defects, the
bone tissues cannot regenerate by themselves without extra
surgical interventions.>*

To deal with severe defects in bone tissues, autografts and
allografts have been clinically utilized.” However, these strate-
gies could not absolutely meet clinical demands due to the
insufficient supply of autografts and allografts. Therefore, the
development of artificial implants, which can replace or
regenerate bone tissues with appropriate mechanical proper-
ties, good biocompatibility and even excellent bioactivity, seems
to be the only way to tackle the abovementioned issue.

In the past few decades, researchers have paid significant
attention to artificial bone scaffolds. To date, a number of
artificial scaffolds have been developed to deal with bone
defects.*® These scaffolds can be simply classified as naturally
derived materials or synthetic materials according to the source
of the material; specifically, synthetic materials used in bone
scaffolds mainly include polylactic acid, polyglycolic acid,
poly(lactate-hydroxyacetic acid) and inorganic materials such as
titanium alloy, biological ceramics, bioactive glasses and
calcium phosphate.’ As is known, inorganic materials, such as
calcium phosphate, often possess good biocompatibility and
osteoconductive properties, which can be beneficial for bone
regeneration. However, inorganic materials may be fragile with
limited flexibility; this makes it difficult to use them under
certain kinds of conditions. Moreover, synthetic organic mate-
rials, such as polylactic acid, can be facilely synthesized with
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desired mechanical properties and good biocompatibility.
However, synthetic organic materials usually lack bioactivity,
which can be important for inducing bone regeneration. Thus,
as another kind of promising materials, naturally derived
materials have drawn the attention of researchers for the
fabrication of bone regeneration scaffolds with good biocom-
patibility and low cytotoxicity.™

According to previous studies, naturally derived materials,
such as collagen, fibrous protein, alginate and chitosan, have
been widely utilized for bone regeneration. Among them,
gelatin, a denatured product of collagen, has attracted signifi-
cant attention of the researchers because of its natural Arg-Gly-
Asp (RGD) sequences, which can facilitate biological interaction
between cells and scaffolds, and its matrix metalloproteinase
sensitive moieties, which can lead to the degradation of
collagen.” Due to its low antigenicity, gelatin seems to be
a promising material for the construction of scaffolds for bone
regeneration, and it has been broadly used to fabricate tissue
engineering scaffolds.”® However, its poor mechanical rigidity
and uncontrollable degradation rate limit its application,
especially for the treatment of loading burden bone defects. To
solve this problem, researchers have modified gelatin with
methacryloyl to graft unsaturated bounds onto the molecular
chains.”**® The resultant gelatin methacryloyl (GelMA), could
photo crosslink in the presence of a photoinitiator, forming
three-dimensional (3D) structures under the radiation of UV
light. The crosslinked GelMA with excellent and controllable
mechanical properties could match the requirements for scaf-
folds under diverse conditions. To date, GelMA-based bioma-
terials have been widely studied for their physical and
biochemical properties with multitudinous applications
ranging from drug delivery to tissue engineering; however,
GelMA-based biomaterials have not been fully excavated in the
field of bone tissue engineering. Herein, this review focused on
the development of GelMA as a bone regeneration strategy,
specifically GelMA-based biomaterials. Moreover, the chal-
lenges and prospect of GelMA-based biomaterials in the bone
tissue engineering fields have been discussed.

Structure and function of GelMA

As above mentioned, gelatin, the denatured product of collagen,
is hydrophilic, whereas its aqueous solution can form a hydro-
gel under environmental stimuli such as temperature, pH and
multivalent cations;"”™*° these kinds of physical or ionic cross-
linked gelatin hydrogels are usually cured by the formation of
a chain-assembled electrostatic interaction or metal-organic
coordination; as a gelatin derivative containing many meth-
acrylamide groups and few methacrylate groups, GelMA
undergoes photoinitiated radical polymerization to form cova-
lently crosslinked hydrogels. Due to its simple and controllable
fabrications, it is widely used in biomedical applications with
semi-industrial management.” The modification route for
GelMA is summarized in Fig. 1. As shown in the schematic,
unsaturated bounds were grafted onto gelatin by the conversion
of an anhydride to an amino and hydroxyl group via a simple
one-step reaction.
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Fig.1 Schematic of GelMA and the fabrication of its hydrogels.

The substitution of methacryloyl is hard to determine
because of the complex components of gelatin with eighteen
kinds of amino acids. To further control the mechanical prop-
erties and morphology of the GeIMA hydrogels, several methods
have been developed to quantify the substitution of meth-
acryloyl; one of the strategies to determine the substitution is
the use of "H NMR to evaluate the change in the lysine amino
group after the reaction.*** This method could only calculate
the methacrylamide groups during the grafting procedure,
including both the amidation of the amino group and the
esterification of the hydroxyl group, thus suggesting an under-
estimation of the gelatin methacryloyl substitution; moreover,
several other methods could estimate the total substitution of
methacryloyl but could not distinguish between the meth-
acrylamide and methacrylate groups.'* Recently, Southan et al.
conducted 2D NMR experiments to derive detail information on
the signals present in the "H NMR spectrum.? Via this method,
methacrylamide from the methacrylate groups as well as
unbound impurities, such as methacrylic acid, could be iden-
tified. This quantification method provided a possibility to
precisely control the substitution of GelMA, further regulating
the property of hydrogels to match the requirements of scaf-
folds in bone regeneration. Furthermore, Kirsten Borchers
investigated the influence of the substitution of methacryloyl in
GelMA hydrogels.” They found that higher methacrylation of
GelMA led to lower viscosity of the precursor GelMA aqueous
solution, which would be suitable in 3D bioprinting; otherwise,
lower methacrylation of GleMA resulted in higher viscosity of
the precursor GeIMA aqueous solution, which could easily clog
the printing nozzles and be hard to use in bioprinting; the
chemically crosslinked GelMA hydrogel with enhanced
mechanical rigidity, improved stability and multiparous archi-
tecture might be used as a suitable supporter in bone
regeneration.

As is known, the double bonds in the GelMA could easily
conjugate together intermolecularly, forming a 3D architecture
as desired from a few seconds to several minutes. On the other
hand, the GelMA content in hydrogels could also influence their
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properties during cell culture; to determine the appropriate
formula of GelMA needed to construct an optimal scaffold
suitable for cell adhesion, proliferation, and spreading, the
influence of the GelMA concentration on the properties of
hydrogels was investigated.** The scaffolds with 5% and 10%
concentration of GelMA were evaluated in terms of their
porosity, pore size, swelling ability and mechanical properties.
The results indicated that the scaffolds with GelMA at a 5%
concentration seeded with mesenchymal stem cells showed
higher ability to promote extracellular matrix calcification as
compared to the scaffolds with GelMA at a 10% concentration.
They proposed that this result may have been caused by the
higher porosity and pore size of the resulting hydrogel with low
GelMA concentration in vitro. Moreover, Chen et al. investigated
the influence of different levels of stiffness in the GelMA
hydrogels on the chondrocyte phenotype by controlling the
methacrylation degree of GelMA;* they monitored the cell
viability, cell morphology, and preservation of the chondrogenic
phenotype after seeding the cells in the GeIMA hydrogels with
different substitutions of double bonds. The results showed
that higher stiffness of hydrogels could benefit the preservation
of the chondrogenic phenotype. These basic studies on the
mechanical properties of the GelMA hydrogel and the rela-
tionship between the cell behavior and the mechanical prop-
erties of GelMA allowed researchers to construct GelMA
hydrogel scaffolds with appropriate mechanical properties for
effective bone regeneration. Compared to the physically cross-
linked gelatin hydrogels, the chemically crosslinked gelatin
methacryoyl hydrogel showed outstanding mechanical proper-
ties and good stability, which would be easy to handle during
wound treating. This strategy not only increased the mechanical
properties of the hydrogel, but also maintained the bioactivity
of gelatin. Moreover, the GelMA hydrogel scaffolds with tune-
able mechanical properties and biodegradation speed showed
significant potential in bone regeneration.

GelMA-based hybrid biomaterials

Bone tissue is highly intricate such that a simply developed
hydrogel without any additions or designations will not match
the requirements for bone regeneration. In the bone tissue, the
structure is anisotropic and varies at macro, micro and nano-
scales.”® In the microenvironment of natural bone, different
kinds of cells (osteocytes, osteoblasts, and osteoclasts) are
incorporated into the hierarchical architecture. The special
dynamic microenvironment composed of collagen, inorganic
nanoparticles and growth factors could regulate the behavior of
cells, guiding cell adhesion and differentiation. Blood vessels
distributed in bone tissue supply nutrition and clear waste. The
complexity of natural bone has drawn the attention of some
researchers towards the fabrication of biomimetic gelatin
scaffolds with a suitable biomechanical structure and physi-
ology properties for bone regeneration.>”*® Inspired by the
structure of natural bone tissue, they have produced scaffolds
by introducing inorganic composites, growth factors, and even
cells into the gelatin scaffolds to mimic the structure of the
bone extracellular matrix.

This journal is © The Royal Society of Chemistry 2019
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GelMA/inorganic biomaterial hybrid hydrogels for bone tissue
engineering

To mimic the components and structures of bone tissues,
various inorganic substances were integrated into the hydrogels
to enhance the functionality of GelMA hydrogel scaffolds for
bone regeneration. For instance, Akhilesh K. Gaharwar
designed an inorganic nanoparticle-enhanced composite
GelMA hydrogel with ultralow concentration of nanoparticles.*
In this strategy, the modified iron oxide (Fe;O,) magnetic
nanoparticles (MNPs) were encapsulated into the GelMA
hydrogels during the photo crosslinking process of the GelMA
solution. As a result of the incorporation of MNPs, more than
a 10-fold increase in the mechanical stiffness and a 20-fold
increase in toughness were observed. Furthermore, the results
indicated that the formation of imide bonds and the presence of
carboxylate-amine interactions between the MNPs and the
GelMA polymer played a vital role in the enhancement of the
mechanical stiffness; the MNPs led to dual chemical cross-
linking of the points interacting with the GeIMA polymer chains
from which polymeric cross-linking originated; this favoured
bone regeneration.

11 Keun Kwon and his co-workers developed an approach for
bone tissue regeneration.*® They constructed a scaffold based
on a biodegradable gelatin methacryloyl hydrogel loaded with
gold nanoparticles. The results showed that the GelMA modi-
fication in the scaffolds could promote the proliferation,
differentiation, and the alkaline phosphate (ALP) activities of
human adipose-derived stem cells (ADSCs). In the presence of
GelMA-modified gold nanoparticles, human adipose-derived
stem cells (ADSCs) could differentiate into osteoblast cells.
The in vitro results also showed that GelMA-modified gold
nanoparticles at high concentration could promote new bone
formation. Akhilesh K. Gaharwar fabricated a bone scaffold by
introducing nanosilicates into the GelMA hydrogel.**** The
compressive modulus of these hydrogel composites increased
4-fold as compared to that of collagen-based hydrogels. The
results indicated that nanosilicates containing a GelMA hydro-
gel could promote osteogenesis, even without related growth
factors. The enhanced alkaline phosphatase activity and
mineralization show that the nanosilicates containing GelMA
hydrogels have prospects in bone regeneration. In another
study, Liang Chen grafted mesoporous bioactive glass nano-
particles into GelMA by an amide reaction to construct an
artificial periosteum.*® This nanocomposite hydrogel also
exhibited improved angiogenesis and osteogenesis properties
along with better mechanical properties. In a similar strategy,
bioactive hollow particles were added to form a nanocomposite
GelMA hydrogel.** The addition of porous nanoparticles
enhanced the resistance of the hydrogels to swelling due to the
high surface area of porous nanoparticles. The in vivo experi-
ments showed that this hollow nanoparticle-enhanced GelMA
hydrogel scaffold could promote the healing of large bone
defects 5 mm in diameter. Xingdong Zhang integrated
hydroxyapatite into GelMA; this resulted in the formation of
a double-ring structure-encapsulated human umbilical vascular
endothelial cells in the inner ring and human osteoblast-like
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cells in the outer ring.* The enhanced genic expression of the
osteogenesis-related and angiogenesis-related differentiations
during the coculture of the two kinds of cells could be detected.
Nano hydroxyapatite could also be used as an inducer to
enhance the additives and osteogenesis in the GelMA hydro-
gel.*® Graphene oxide encapsulated in photo-crosslinked GelMA
hydrogels has also been determined to promote the chondro-
genic differentiation of hMSCs as compared to GelMA hydrogels
without the addition of graphene oxide using 3D printing
technology.®”

Thus, based on previous studies, we can conclude that
inorganic components play a vital role in bone regeneration by
regulating the mechanical properties and cell differentiation
process;* however, the dispersion of inorganic components in
the GelMA hydrogels needs additional consideration.

GelMA/organic biomaterial hybrid hydrogels for bone tissue
engineering

Apart from the addition of inorganic components, some
biodegradable organic materials have also been utilized to
introduce some other specific functions into the GelMA scaf-
folds. In 2017, Zhang et al. used polylactic acid to introduce a 3D
printed microstructure into the GelMA hydrogels via fused
deposition modeling for bone regeneration.* The compressive
modulus of the polylactic acid-reinforced GeIMA hydrogel was
even much higher than the modulus of mandibular bone.

On the other hand, some researchers have taken advantages
of the extracellular matrix, which has a structure very close to
that of natural tissues. They have proposed that the addition of
a natural extracellular matrix may facilitate bone regeneration.
Malda et al developed a GelMA hydrogel entrapped with
cartilage-derived matrix (CDM) particles.*® The in vitro experi-
ments showed that the CDM particles could stimulate the
differentiation of MSCs co-entrapped in the GelMA hydrogels
and promote the formation of cartilage. This method provided
another direction towards the fabrication of scaffolds for bone
regeneration. By our group, black phosphorus-incorporated
GelMA/cationic arginine-based unsaturated poly(ester amide)
hybrid hydrogel scaffolds have been investigated for enhancing
bone regeneration. In vitro and in vivo results indicated that the
GelMA/organic biomaterial hybrid hydrogels could be an
effective strategy for bone regeneration.*

GelMA hydrogels with growth factor for bone tissue
engineering

Since bone regeneration is a complex process, by only consid-
ering the mechanical properties of scaffolds, the requirements
of bone regeneration cannot be met; the biological properties of
GelMA scaffolds have a significant influence on the bone
regeneration process since cell adhesion, proliferation,
spreading and differentiation can be controlled by the bioac-
tivity of scaffolds in an ambient microenvironment. Many
researchers have paid significant attention to improve the bio-
logical function of scaffolds.”” Moreover, osteogenic and
angiogenic growth factors, such as bone morphogenetic protein
(BMP) and vascular endothelial growth factor, have been
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introduced into the GelMA hydrogels along with organic or
inorganic reinforcement components .**** These specially
designed GelMA hydrogel scaffolds with increased bioactivity
and mechanical properties exhibited better performance in
bone regeneration. Although the incorporation of growth
factors can promote angiogenesis and osteogenesis in scaffolds
at defects, it has not been widely utilized. Moreover, some
researchers have investigated new methods to improve the
biological properties without the use of growth factors. This
may be because the incorporation of growth factors is
consumptive, and the activity of growth factors is hard to
maintain for a long time.

GelMA hydrogels containing cells for bone tissue engineering

To the best of our knowledge, tissue engineering scaffolds
cultured with cells can provide a more direct approach to
promote bone tissue regeneration. Therefore, Weitz et al. have
incorporated bone marrow-derived mesenchymal stem cells
(BMSCs) into GelMA using a microfluidics-assisted technology
to increase cell retention after injection into bone tissues.*
They found that osteogenesis was enhanced after entrapping
the BMSCs in a photo-crosslinked GelMA microgel. The
increased mineralization can further demonstrate the promo-
tion of bone regeneration.

Khademhosseini and co-workers designed a GelMA-based
scaffold entrapped with both osteogenic and angiogenic
cells.***” The diligent design successfully led to simultaneous
mineralization and angiogenesis. Remarkably, angiogenesis in
the scaffold could further promote cell proliferation and
spreading that further accelerated bone regeneration.

GelMA as the surface-modified biomaterials

Under some special conditions, such as the loss of large scale
bone tissue or dental restorations, the GeIMA scaffolds can be
used as a coating on the surface of some prostheses to promote
their interaction with the host bone. Surface functionalization
of this prosthesis to prevent post-surgery infection and promote
biointegration is often used for long-term success after
implantation. GelMA was used as a kind of bioactive material to
decorate metal prosthesis before implantation. In one of the
methods, silicate nanoparticles and cationic antimicrobial
peptides were entrapped in the GelMA hydrogel function
membrane to enhance osseointegration and reduce infection,
respectively.”® In addition, dopamine was chemically conju-
gated to the GelMA molecule to improve its adhesion to the
surface of metal implants; in this strategy, GelMA acted as
a bridge between native bone tissue and prosthesis, preventing
loss after implantation by osteogenesis in the GeIMA hydrogel.

Construct method for GelMA-based
hybrid biomaterials

Bone tissues have a hierarchical structure at macro, micro and
nano scales, composing of cortical bone, spongy bone and

blood vessels that supply nutrients and maintain cell viability to
maintain the bone tissue bioactivities and self-regenerating

This journal is © The Royal Society of Chemistry 2019
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ability.* The special architecture and composition of bone
tissue provides biological activity along with its excellent stiff-
ness and toughness as a load-bearing tissue. Once defects
formed under the damage from external stress, adjacent cells
could be recruited to proliferate, migrate, differentiate, and
further secrete collagen and silicate nanoparticles along the
collagen fibers. Finally, new bone tissue formed to repair the
defects in response to external stress-caused damages to phys-
ical and biological integrity as compared to the original bone
tissue. For defects beyond the crucial size, the bone tissue
cannot regenerate via self-regulation of inner cells and growth
factors under the special damaged condition. After years of
investigation, it has been proposed that the hierarchical struc-
ture and encapsulated cells and growth factors may contribute
to the fast self-regeneration of damaged bone tissues. Based on
these assumptions, an extra construction method is needed to
build a mimetic microstructure of GelMA-based biomaterials
for bone regeneration. To date, various construct methods, such
as 3D printing, electrospinning, microfluidic technologies, etc.,
have been developed for the fabrication of scaffolds, including
GelMA-based biomaterials.”**

3D printing

Due to the development of manufacturing technology, there
have been an increasing number of methods used to construct
complicated  structured  scaffolds that incorporate
manufacturing technologies; one of the most utilized methods
for the fabrication of tissue engineering scaffolds is 3D tech-
nology.** This fast gelation ability matches the requirements of
the popularly used 3D printing technology.** Once the bio-
printing solution extrudes from the machine, it can be cured
rapidly under UV light radiation focused on the formation
position (Fig. 2). By mediating the intensity of the UV light, the
substitution and concentration of GelMA, the addition of other
components as well as the gelating speed could be slightly
regulated according to machine's conditions.*® Apart from the
gelating speed, the mechanical property could also be regu-
lated, which was introduced above. Via the incorporation of the
3D bioprinting technology, a series of versatile porous struc-
tured scaffolds were fabricated with varying porous parameters.

Bioprinted cylinder rods encapsulated cells
to form bone-like unite architecture

Fig. 2 Fabrication of the bone mimetic 3D architecture using the 3D
bioprinted method to construct a bone-like unite architecture.
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Recently, GeIMA has been often combined with 3D printing
to construct predesigned architectures for complex bone
regeneration. This method required the GelMA solution to
match the requests of the 3D printing; one important parameter
was the viscosity of the precursor solution. A suitable viscosity
ensures the successful gelation of GelMA, prevents the
collapsing of extrusive GeIMA before curing, and maintains the
viability of entrapped cells. Sometimes, the simple regulation of
the concentration or substitution of GelMA does not generally
meet requirements. To address the abovementioned chal-
lenges, some organic materials have been utilized to mediate its
properties. Among them, alginate, as one of materials pos-
sessing high viscosity in its aqueous solution, can self-cure
instantaneously when exposed to calcium ions.*® Researchers
took advantage of this property and utilized alginate to regulate
the viscosity of the GeIMA solution that ensured the stability of
the architecture before photo-crosslinking.

Hairui Suo et al. utilized GelMA as a bioink for the fabrica-
tion of scaffolds via 3D bioprinting.*” They added unmodified
gelatin, which can reversibly form hydrogels by changing the
environmental temperature to regulate the processability of the
GelMA bioink at low concentrations. A temperature controller
was designed around the syringe of the 3D printing equipment
with a cooling system under the receiving platform. The
temperature controller ensured that the GelMA/gelatin bioink
was a homogeneous solution. After being extruded onto the
receiving platform, the solution became solid with a designed
porous structure until it cured under the radiation of UV light;
this prevented the transformation of the porous structure
before the chemical crosslinking of GelMA. The physically
crosslinked gelatin component could gradually dissolve when
the temperature increased above the gel point of gelatin. They
indicated that the loss of gelatin had no effect on the scaffold
geometry. The biocompatibility of the GelMA/gelatin hybrid
bioink was determined via cell morphology and viability tests
after 3D printing of this cell-laden GelMA/gelatin bioink.

Micromachining method

For bone regeneration, not only biomaterials, but also the
surface micro-topological structure can influence the regener-
ation process and functional construction of bone tissue. The
inability of large bone defects to self-regenerate after damage is
partially due to the destruction of the local vascular network,
which supports nutrition during bone regeneration. Consid-
ering this remarkable role of the vasculature in bone tissue,
researchers have attempted to construct a vascular structure in
artificial scaffolds using a micromachining method. Ali Kha-
demhosseini and his co-workers simultaneously introduced
angiogenic and osteogenic cells into GelMA scaffolds with
a predesigned micropattern to enhance the bone regeneration
efficiency at defect sites.*® In their studies, they constructed
HUVEC/hMSC-encapsulated parallel angiogenic niches in
osteogenic niches, as shown in Fig. 3. With the help of glass
slides, which were treated with 3-(trimethoxysilyl) propyl
methacrylate (TMSPMA) capable of grafting GelMA hydrogel on
it via co-radiation from UV light, ultrathin hydrogels were
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Fig. 3 Fabrication of the bone mimetic 3D architecture using the
micromachining method to construct osteogenic and vasculogenic
niches.

obtained that possessed a designed micropattern formed for
further in vitro investigation. The micropatterned GelMA
hydrogel was constructed by two steps. First, a GeIMA 5% (w/v)
solution containing GFP-HUVECs and hMSCs at defined cell
densities was added on a Petri dish and covered with
a TMSPMA-treated glass slide. A photomask was covered on the
top of glass slide. Thereafter, it was exposed to UV light for 35
seconds. The angiogenic niche was constructed in the form of
an organized array by the photo-crosslinking of GeIMA. Second,
the osteogenic niche formed was overlaid on the micro-
patterned GelMA on the TMSPMA glass via the gelation of
preosteoblast-labelled GelMA under UV exposure using the
same gelation principle. The spaces between parallel-lined
angiogenic niches were filled with the osteogenic niche for
the formation of new bone tissue after the participation of
preosteoblasts. The inner angiogenic niches could promote
angiogenesis in the scaffolds in the presence of HUVECs and
hMSCs. The angiogenic-related CD31 and o-SMA expression
were assessed to evaluate the angiogenic activity of the micro-
patterned scaffolds. The mineralization of the scaffold was also
assessed with Alizarin Red in vitro. The result suggested that the
osteogenesis of the GelMA hydrogel scaffolds was enhanced
with the vasculature distributed in the form of predesigned
arrays. Therefore, the conclusion can be made that the
construction of the micropatterned GelMA scaffolds with
precisely designed angiogenetic and osteogenic niches exhibit
better performance as compared to the simple mixture of
different components.

In another study reported by Khademhosseini, along with
the purpose of fabricating vascularized scaffolds for bone
regeneration, an extrusion-based direct-writing bioprinting
strategy was developed to construct a bone-like tissue micro-
structure.” As shown in Fig. 4, the central cylinder of the
construct was printed with a low concentration of GeIMA, which
had a relative faster degradation rate. Blood vessels formed in
the central cylinder with the degradation of the GeIMA hydrogel
of low concentrations. Around the central vascular cylinder,
nanoplatelet-loaded GelMA hydrogels with relatively higher
concentration as compared to those in the central cylinder were
printed to promote osteogenesis around the central blood
vessel; to enhance the spreading of vascular extensions towards
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the surrounding osteogenesis region, VEGF was chemically
conjugated to GelMA with gradient concentration according to
the distance from the central blood vessel. After 5 days of static
culture, the cell in the osteogenic niches maintained their
viability due to the nutrient support from the central vessel.
Moreover, the co-culture of the hMSCs and HUVECs led to
promoted angiogenesis.

Microfluidic-assisted technology

David Weitz and Wenguo Cui combined a minimally invasive
method with tissue engineering scaffolds to simplify the
engraftment process and settle the low cell retention after
transplantation.*® Microfluidic-assisted technology was utilized
for the formation of GelMA hydrogel microspheres. The cell-
labeled microspheres were injected into the damaged position
to investigate the bone regeneration efficiency. This strategy
may simplify the operation process and maintain cell viability,
which benefits from the space between microspheres and their
contribution to nutrient/waste exchange; the shortcoming is
that the microspheres cannot be used in the bear-loading or
facilely deformed domains because of the amorphous micro-
sphere suspension.

Conclusion and perspective

In summary, the development of GelMA-based biomaterials for
tissue engineering, especially for bone tissue engineering, is
still incomplete, and improvement is needed for many prob-
lems related to the mechanical properties, degradation rate,
structure, morphology, as well as biological activity of these
biomaterials; furthermore, with the development of osteoim-
munology, systematic studies on immunology and some other
activities of GelMA-based biomaterials would be required for
the clinical applications of these biomaterials.
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