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Abstract: Most gelatin hydrogels used in regenerative medicine applications today are fabricated
by photocrosslinking due to the convenience and speed of this method. However, in most
cases photoinitiators are used, which require UV light, which, in turn, can cause cell and
tissue damage, or using functionalized gelatin. Recently, ruthenium (II) tris-bipyridyl chloride
has been studied as an initiator that can induce dityrosine bond formation using visible light.
In addition, continuous fibrils and small particles are often used to reinforce composite materials.
Therefore, this study investigated the visible-light-induced photocrosslinking of native gelatin
molecules via dityrosine bonds formation as well as gel reinforcement by collagen fibrils and
mesoporous bioactive glass (MBG) particles. The results show that collagen and MBG exerted
a synergistic effect on maintaining gel integrity with a dental LED curing light when the irradiation
time was shortened to 30 s. Without the two reinforcing components, the gel could not form
a geometric shape stable gel even when the exposure time was 120 s. The shear strength increased
by 62% with the collagen and MBG compared with the blank control. Furthermore, our results
demonstrate that the addition of collagen and MBG enhanced gel stability in an artificial saliva solution.
These results demonstrate the considerable advantages of using tyrosine-containing biomolecules,
and using a dental LED curing light for the crosslinking of hydrogels in terms of their suitability and
feasibility for use as bioadhesives in confined clinical working space, such as the oral cavity, and in
application as in situ-crosslinked injectable hydrogels.
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1. Introduction

To date, many different methods have been proposed for guiding bone regeneration, especially in
the context of dental tissue regeneration, with the aim of restoring or replacing missing oral tissue.
For example, deproteinized organic bovine bone mineral has been combined with membranes and
the release of growth factors for this purpose [1,2]. However, a few problems are associated with
these materials, including migration of the grafted materials after implantation, and the need to
remove the nonabsorbable membrane. In addition, for any dental-related disease treatment, the
aqueous environment found in the dental cavity must be a concern. To overcome these difficulties,
methods such as suturing materials with soft tissue or using biodegradable membranes are generally
used. However, for the materials to be firmly attached to the native tissue, a different approach would
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be advantageous, and herein we propose a new biodegradable, gelatin-based adhesive that can be
cured in situ under aqueous conditions.

The roles of tissue adhesives are not limited to stopping bleeding and closing wounds.
Adhesives are also often expected to act as sustained release carriers and as temporary scaffolds for
tissue regeneration. Hence, the requirements for tissue adhesives include adequate viscosity to prevent
drainage from the wound, easy application, rapid gel formation on demand (fast phase transformation
from solution to gel), usability in an aqueous environment, and appropriate mechanical strength,
biocompatibility and biodegradability [3]. Various tissue glues are widely used in the clinic, such as
fibrin glue, cyanoacrylate-based adhesives, protein-based adhesives, polyethylene glycol (PEG)-based
adhesives and polyurethane-based adhesives [4–7]. Every type of glue has its unique advantages and
disadvantages; for example, fibrin glue provides excellent biocompatibility but poor mechanical strength
and a high risk for infection [8]. PEG-based adhesives also have poor mechanical properties; thus, they
are generally used as an adjuvant glue for sutures [9,10]. In contrast, cyanoacrylate-based adhesives
have poor biocompatibility and high adhesion strength and stiffness, which restrict their use in elastic
soft tissues due to a mismatch in mechanical properties [6,11]. TissueGlu® is a polyurethane-based
adhesive, where the prepolymer solution can react with amine groups from the tissue or with water in
the wound to achieve wound closure [12]. Protein-based adhesives utilize chemical-reagent-mediated
crosslinking between the protein and tissues. However, to date, there has not been a universal adhesive
because of the various environments in which adhesives are applied.

The use of crosslinked biopolymers for biomedical and tissue glue purposes has increased
substantially in recent decades. One of the most commonly used biopolymers is gelatin. As gelatin
is derived from collagen, it has separate single peptide chains; therefore, gelatin has well-known
biocompatibility and biodegradability. Because of its high water absorption and viscoelasticity, gelatin is
used in a wide range of medical, pharmaceutical and biotechnological applications. The crosslinking of
gelatin is one of the methods used to fabricate hydrogels with high durability [13,14]. The mechanical
strength of crosslinked gelatin-based hydrogels depends on the gelatin and crosslinking reagent
concentrations and the degree of crosslinking [15–17]. Crosslinking gelatin in conjunction with other
biomolecules, such as fibrinogen and chitosan, for use as adhesives or hydrogels has been reported in
numerous studies [18–22]. To our knowledge, most studies on the in situ crosslinking of gelatin with
light in the visible range have used chemically modified gelatin, such as gelatin methacrylate [5,23–27],
rather than native gelatin molecules. In addition, gelatin hydrogels often have insufficient mechanical
strength, and the chemical modification may have an intrinsic cytotoxicity. In other words, a balance
between the amounts of chemical reagents used and the biocompatibility of gelatin must be maintained
between reducing the crosslinking reagent content and reducing the mechanical strength. Thus, in the
present work, we utilized the reinforced matrix strength concept to improve mechanical strength
without increasing cytotoxicity.

Collagen is a major structural protein in mammalian animals and consists of fibrils with
a semicrystalline structure. In the extracellular matrix (ECM), various proteoglycan molecules form
a hydrated gel surrounding the collagen fibrils, resisting stress and preventing tissues from pulling
apart. This structure indicates that the collagen fibrils play a reinforcing role in the ECM. In addition,
continuous fibers are often used to reinforce the strength of composite materials because the applied
load can transfer from the weaker matrix to the stiffer fibrils [28,29]. In composite metal matrices,
particulates materials are commonly used to reinforce materials because they can prevent dislocation
movement or serve as heterogeneous nucleation sites for precipitate formation. The extra particulates
are typically much stiffer than the matrix, and therefore a significant fraction of the stiffness of the
composite can be due to the reinforcing particulates. A few studies have been utilized the concept to
reinforcing hydrogel [30–33]. Mesoporous bioactive glass (MBG) is a silica-based synthetic material
with bioactivity and degradability. Mesoporous structures have achieved widespread use as drug
carriers in sustained release applications. Compared with that of nondegrable bioceramics, such as
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hydroxyapatite and beta-tricalcium phosphate, the release of Ca, P, and Si ions from MBG has been
demonstrated to stimulate osteoblast cell proliferation and differentiation [34,35].

Several methods have been published on the production of crosslinked gels
in aqueous solutions, such as by mediation with chemical reagents (glutaraldehyde
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, EDC) [36,37], gamma radiation [38–40],
enzymatic reactions [41,42] and photopolymerization [43–45]. Molecules that contain double bonds
are essential for polymerization via free radical reactions, which are generally initiated by heat [46,47],
irradiation (UV or visible light) [39,48], or a metal-containing catalyst [49,50]. In some disease
treatments, such as those in the dentistry, the space is limited, and in combination with the fact that high
temperatures are harmful to the tissues. Thus, light irradiation is considered a superior method to heat
to initiate free radical polymerization reactions if the wavelength is located within the visible range.
Elvin et al [51] reported that ruthenium(II) trisbipyridyl chloride (Ru(II)bpy3

2+) exposed to light can
be oxidized to Ru(III)bpy3

3+ in a persulfate anion-containing aqueous solution. Then, Ru(III)bpy3
3+

can react with tyrosine from the protein to form a crosslinked dityrosine bond [52,53]. Following this
mechanism, materials derived from recombinant collagen with high elasticity and high fatigue
resistance were fabricated. The researchers used gelatin [54] and fibrinogen [55] crosslinked in this
way to develop an elastic tissue sealant. Their report demonstrated the dityrosine presence in the
crosslinked gelatin by amino acid and HPLC analysis. Thus, in this study, we used fibrils and
particles, i.e., collagen and MBG, to reinforce a gelatin adhesive and investigated the influence of this
reinforcement on the physical adhesive properties of a gelatin-based adhesive cured in situ by visible
light in an artificial saliva solution, as well as the cytotoxicity and tensile strength of the gelatin/collagen
composite. In clinical applications, adhesives are used not only to close wounds but also to prevent
postsurgical adhesion. In particular, the adhesives used in dental disease treatment are mainly applied
to enamel and dentin and are not suitable for periodontal soft tissue. Thus, we further evaluated
fibroblast migration to elucidate the efficiency of our composite gel in limiting fibroblast invasion.

2. Materials and Methods

2.1. Preparation of the Photocrosslinked Adhesive

The method of MBG fabrication has previously been described [56]. Briefly, Pluronic P 123 (2.0 g)
in HCl (0.5 N, 0.5 mL) was mixed with tetraethoxysilane (TEOS, 3.7 g), calcium nitrate tetrahydrate
(0.49 g), and triethylphosphate (TEP, 0.34 g) at 300 rpm for 3 h. Subsequently, the MBG precursor
solution was poured into a dish and kept in the hood until the solvent had completely vaporized.
The collected samples were calcined at 700 ◦C for 3 h to eliminate the organic components and obtain
the MBG. Type B gelatin and type I collagen fibrils (Victory Biotech Co., Ltd., Foshan City, China) were
dissolved in phosphate-buffered saline (PBS) to obtain a 100 mg/ml solution, whereas gelatin/collagen
mixtures were prepared with weight percentages of 90/10 (90G10G) and 95/5 (95G5C). Furthermore,
MBG was then added and mixed well with the gelatin and collagen mixture to a content ranging from
10 to 30% (w/w). [Ru(II)bpy3]2+ chloride and sodium persulfate (SPS) were then added to the mixture
to a final concentration of 1 and 20 mM, respectively. The mixture was transferred to a Teflon mold and
irradiated for 30, 60, 90 and 120 s at room temperature with a dental LED curing light (LiteQ LD-107,
MONITEX™, Fomed Biotech Inc., New Taipei City, Taiwan) from a distance of 1 cm. All chemicals
used were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA) and were reagent
grade unless otherwise stated.

2.2. Gel Stability Test

To evaluate the water absorption and stability of the gel in an aqueous environment, the gel
samples, including pure gelatin, 95G5C, 90G10C and 90G10C containing 20% MBG, which were each
irradiated for a designated time, and immersed in a pH 7 artificial saliva solution. The artificial
saliva solution was prepared by dissolving reagent-grade CaCl2 (1.5 mM), KCl (130 mM), K2HPO4
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(0.9 mM), and NaN3 (1.0 mM) in a 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
solution [57], and the sample wet weight was measured every 24 h.

2.3. Mechanical Property Test

The shear strength test was performed according to reference ASTM F2255-05, a standard test
method used to determine the lap-shear strength properties of tissue adhesives under tension loading by
a material testing system machine (MTS, H1KT, Tinius Olsen, Horsham, PA, USA). Briefly, fresh defatted
porcine skin was cut into 2.5 × 2.5 cm2 strips and fixed on a glass substrate with cyanoacrylate glue.
We applied 100 µL of the mixed solution to the porcine skin strips, which resulted in an overlap area of
1 cm2. Subsequently, the overlap area was irradiated by an LED curing light at a fixed distance of 1 cm
for a defined number of seconds. The two skin substrates were bonded together for an additional 10
minutes with a clamp before the two glass substrates were fixed on the specimen holder of the MTS
(Figure 1a). A commercially available fibrin adhesive (EVICEL®, Ethicon, Inc., Somerville, NJ, USA)
was used as a control. To measure the compression resistance, the gel sample was placed on the stage
of the MTS (Figure 1b). The working load of the MTS machine was 50 N, and the rate was 100 mm/min.
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Figure 1. Schematically representation of the mechanical property test (a) shear strength test, and (b)
compression test used in this study.

2.4. Cytotoxicity Test

The mixed solution showed a phase transformation from an aqueous solution to a gel after the
photocrosslinking reaction. All of the components were entrapped within the gel. Therefore, we used
an extraction method to test whether any unreacted species diffused out of the gel and affected cell
viability. The cytotoxicity test was performed according to ISO 10993-5, 2009 (Biological evaluation of
medical devices: Tests for in vitro cytotoxicity). In this experiment, gels were prepared with sterilized
raw materials. The gel was immersed in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (Gibco™, lot number 624294, Thermo Fisher Scientific Inc., Waltham, MA,
USA) at 37 ◦C for 24 h. The L929 fibroblasts were cultured in 96-well tissue culture dishes (NUNC™,
Thermo Fisher Scientific Inc., Waltham, MA, USA) until confluent. Then, the medium was replaced
with the extract and the cells were further cultured for 24 h. Extracts from tissue culture polystyrene
(TCPS) and 0.64% phenol-containing medium were used as controls. Cell viability was determined
with the WST-1 reagent (Roche, Basel, Switzerland), and the resulting dye levels were measured at
a wavelength of 405 nm. Images of cellular morphology were taken using an inverted microscope
(Leica, Wetzlar, Germany).

2.5. Cell migration Measurement

An “in vitro scratch assay” was used to evaluate the capacity of the gel to prevent cell migration.
Specifically, a P1000 pipet tip (Scientific Specialties, Inc., Lodi, CA, USA) was used to scrape a confluent



Polymers 2020, 12, 1113 5 of 14

L929 cell monolayer in a straight line to create a gap. Debris was removed by washing the cells with
medium several times, and the aqueous composite was then placed within the gap and cured for 30 s.
Following this, the cells were incubated at 37 ◦C for 24 h. Cell migration across the gap was then
determined by observing the cells under a phase-contrast microscope.

2.6. Statistical analysis

Experiments were independently conducted in triplicate, and each time, three samples were
collected in parallel. The results are expressed as the mean ± SD. Statistical analysis was performed
using the SPSS v. 17 software package (SPSS Inc. SPSS Statistics for Windows, Chicago, IL, USA).
All results were analyzed by the nonparametric Kruskal–Wallis H-test and, if significant at a value
of p < 0.05, individual Mann–Whitney U-tests were conducted to determine the differences among
groups. Differences of p < 0.05 were considered statistically significant.

3. Results and Discussion

3.1. Characterization of the Photocrosslinking Hydrogel Reinforced by Collagen Fibrils

3.1.1. Physical Properties

The degree of photocrosslinking is known to depend on the irradiation time and the concentration
of photosensitive molecules. Therefore, a shortened irradiation time will decrease the degree of
photocrosslinking and may result in an incomplete sol-gel transformation. As shown in Figure 2,
regardless of the irradiation time, the phase transformation from solution to gel was not complete for
samples crosslinked by dityrosine formation representing gelatin only. However, the gel shape was
observed to keep its integrity with increasing collagen content at the same exposure time, even for only
a short (30 s) exposure time. The images indicate that, compared with gelatin alone, the additional
collagen fibrils improved the geometric stability of the gel. However, the shapes of the gels with
and without MBG were not significantly different (Figure 2c,d). In general, materials with higher
crystallinity have higher structural stability and mechanical strength. Gelatin is denatured collagen
without the typical helical structure of the protein and an amorphous structure. In contrast, collagen is
a major structural protein in mammalian animals and consists of long fibrils with a semicrystalline
structure [58]. Moreover, MBG is harder and tougher than gelatin and collagen. Based on these
physical and structural characteristics, collagen fibrils and MBG reinforced the integrity of the gelatin
matrix even after a short exposure time. The surface morphology of 90G10C containing 20% MBG
hydrogel was examined via scanning electron microscope (SEM, HITACHI, S-3000N, Tokyo, Japan) at
15 kV. The image (Figure 3) indicated that MBG did not alter the formation of a high-porosity matrix.
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Figure 3. SEM micrographs of the 90G10C containing 20% MBG compositions exposed to LED light for
120 s.

In general, the degree of hydrogel crosslinking increases with increasing irradiation time, which in
turn reduces water absorption. To further investigate the effect of collagen content on gel shape stability,
the gels were soaked in an artificial saliva solution for up to 48 h. The weight of all pure gelatin gels
increased after being immersed in solution for 24 h, but the water absorption decreased with increasing
irradiation time (Supporting Information Figure S1). However, except in the 120 s exposure group,
the gel weight in all groups significantly decreased after 24 h, and the gels finally broke into small pieces
if they were soaked in the solution for longer. It is difficult for a soft hydrogel to endure the hydrostatic
pressure of an excessive water content due to insufficient structural strength. The data indicated that
a higher degree of crosslinking limited water absorption and enhanced the maintenance of the gel
shapes. However, the collagen-containing gel showed different results. Both gelatin and collagen have
excellent affinity for water molecules; thus, the gel weights were similar after different light irradiation
time and different compositions. As shown in Figure 4, the weight of the collagen-containing gels
remained constant even after exposure for 30 s when immersed in the artificial saliva solution for up to
48 h.
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Figure 4. Effect of composition on hydrated gel weight. The gel samples, including pure gelatin, 95G5C,
90G10C and 90G10C containing 20% MBG, which were irradiated for a designated time, were immersed
in a pH 7 artificial saliva solution, and weighted every 24 h. Data are presented as the mean ± SD (n =

9) and were analyzed using the nonparametric Kruskal–Wallis H-test. Differences of p < 0.05 were
considered statistically significant. (*) denotes a significant difference (p < 0.05).
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3.1.2. Mechanical Properties

To investigate the adhesive strength, we used fibrin glue as a control, as shown in Figure 5,
and regardless of the composition and exposure time, the shear strength of all gels was significantly
higher compared to the value obtained for fibrin glue. However, there was no significant difference
among samples with different compositions exposed for 30, 60 and 90 s. However, the 90G10C sample
irradiated for 120 s displayed a higher shear strength compared to samples with other compositions.
In addition, only the shear strength of 90G10C slightly increased with exposure time.
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Figure 5. Effects of irradiation time and composition on shear strength. After 100 µL of the mixed
solution was applied to the porcine skin strips, which resulted in an overlap area of 1 cm2. The overlap
area was irradiated using an LED curing light for a designed time. Data are presented as the mean ±
SD (n = 9) and were analyzed using the nonparametric Kruskal-Wallis H-test. Differences of p < 0.05
were considered statistically significant. (*) denotes a significant difference (p < 0.05).

The tyrosine content of 90G10C was lower than that of the other gels; therefore, a longer exposure
time was needed to maintain the free radicals to achieve a reaction. The content of tyrosine in collagen
is only 0.03 in 100 residues [59], and the collagen used in the study consisted of fibrils rather than
triple helix molecules. In addition, a dityrosine bond can only form between two nearby tyrosine
molecules. Therefore, the degree of crosslinking between gelatin and collagen or intracollagen fibrils
was low (Figure 6). Although collagen fibrils cannot enhance the degree of crosslinking, their long
rod-like structure reinforces the strength of the matrix in another way, improving the integrity of the
matrix by 40% compared with that of gelatin. Based on the above results, 90G10C performed better
than the other gels, thus, we chose 90G10C to investigate the effect of MBG for the photocrosslinkable
bioadhesive application.
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3.2. Cytotoxicity Evaluation

One of the essential requirements of materials for biomedical applications is tolerable cytotoxicity.
We used methods from ISO-10993-5 to evaluate the biocompatibility of the photocrosslinked gels.
Except for 90G10C, no gels showed any cytotoxicity compared with that of TCPS (Figure 7a), as the cell
viability in each group was similar. The 90G10C group showed moderate cytotoxicity with less than
30% of the cells not being viable. In general, the degree of crosslinking will increase with increasing
exposure time and tyrosine content. However, in the present work, a major dityrosine bond exists
between the gelatin molecules, which indicates that the tyrosine content in the 90G10C gel was lower
compared to the other gels and that the collagen fibril structure limited the dityrosine bond formation.
Therefore, the 90G10C composite contained more unused Ru(II)bpy3

3+, which could be extracted and
resulted in lower cell viability compared to the other groups. Nevertheless, the fibroblasts showed
a similar morphology in all groups (Figure 7b).
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Figure 7. Cytotoxicity assay of various composites. The viability of L929 cells was determined with the
WST-1 reagent after culture with various extracts for 24 h (a), and images of cellular morphology were
taken using an inverted microscope (b). Data are presented as the mean ± SD (n = 9) and were analyzed
using the nonparametric Kruskal–Wallis H-test. Differences of p < 0.05 were considered statistically
significant. (*) denotes a significant difference (p < 0.05).

3.3. Effect of MBG Particles on the Mechanical Properties of Hydrogel

MBG can absorb water and undergo hydrolysis; thus, it is considered a degradable bioglass.
Therefore, the water absorption capability of the MBG-containing gel was higher than that of the
non-MBG-containing gels (Figure 5). Additionally, MBG did not interfere with the structural integrity
of the gel (Figure 2d). Either an increase in the reinforcement material volume fraction or a decrease in
the particle size can enhance the strengthening effect of the particulate dispersion [60,61]. The effect
of the MBG content on the shear strength is shown in Figure 8. The shear strength increased with
increasing MBG content up to 20% (w/w) and then decreased. The volume ratio of the particle
dispersion–strengthened matrix has an optimal value based on the composition of the materials.
The particles in the matrix act to prevent crack migration; thus, if the content of particles is too high,
the particles become a minor domain rather than a hindrance. This phenomenon can explain why the
shear strength decreased with MBG content higher than 20% (w/w).



Polymers 2020, 12, 1113 9 of 14Polymers 2020, 12, x FOR PEER REVIEW 9 of 14 

 

 

Figure 8. Effect of MBG content on shear strength. MBG was added to and mixed well with the 

90G10C solution to a content ranging from 10 to 30% (w/w). Then, 100 L of the mixed solution was 

applied to the porcine skin strips. The 1 cm2 overlap area was irradiated by an LED curing light for 

120 s. Data are presented as the mean ± SD (n = 9) and were analyzed using the nonparametric 

Kruskal–Wallis H-test. Differences of p < 0.05 were considered statistically significant. (*) denotes a 

significant difference (p < 0.05). 

3.4. Characterization of the Photocrosslinking Hydrogel Reinforced by Nanoparticles and Fibrils 

Figure 9 demonstrates the synergistic effect of collagen and MBG on the mechanical properties 

of the composite gel. The image was taken when the gel sample was fully compressed, followed by 

release of the force. As shown in Figure 9b, the gel shape became irregular even for gels containing 

MBG particles with 120 s of exposure. However, the compression force did not cause significant 

cracks in the sample containing collagen and MBG. These tensile and compression tests indicated 

that collagen and MBG enhanced the composite gel stiffness and elasticity.  

The components of the gel used in the present work are all biodegradable materials, which 

means that the sealant will degrade with time alone and will be replaced by tissue. However, in 

addition to wound healing, preventing adhesion is another important issue. Thus, a gel layer was 

placed in a gap in an L929 fibroblast monolayer to observe cell migration and to evaluate the gel’s 

ability to prevent fibroblast invasion. Figure 10 shows that the migration distance of fibroblasts 

crossing the gel-filled gap was shorter than that of fibroblasts crossing the untreated gap (blank gap). 

Moreover, the orientation of cells migrating across the blank gap was observed to be directed toward 

the center, but in the gel group, no consistent cell orientation was observed. The images indicate that 

a highly hydrated gel can reduce fibroblast migration and alter fibroblast orientation. Cell adhesion 

and migration are mediated by adhesion receptors linking the cell with ECM ligands and can result 

in different degrees of extension. Therefore, substrate stiffness and mechanotransduction play an 

important role in the biological processes of cells, including adhesion, migration, proliferation and 

differentiation [62]. One possible reason for the finding shown in Figure 9 is that the composite gel 

has lower compressive modulus levels compared to TCPS, which reduces intracellular force 

generation and then limits cell migration. Although the cell viability data indicate that the 90G10C 

composite induced moderate cytotoxicity, Figure 10 shows that the fibroblasts in the 90G10C group 

still showed the typical morphology with lamellipodal spreading, proliferation and movement 

outward from the boundary. 

Figure 8. Effect of MBG content on shear strength. MBG was added to and mixed well with the 90G10C
solution to a content ranging from 10 to 30% (w/w). Then, 100 µL of the mixed solution was applied to
the porcine skin strips. The 1 cm2 overlap area was irradiated by an LED curing light for 120 s. Data are
presented as the mean ± SD (n = 9) and were analyzed using the nonparametric Kruskal–Wallis H-test.
Differences of p < 0.05 were considered statistically significant. (*) denotes a significant difference
(p < 0.05).

3.4. Characterization of the Photocrosslinking Hydrogel Reinforced by Nanoparticles and Fibrils

Figure 9 demonstrates the synergistic effect of collagen and MBG on the mechanical properties
of the composite gel. The image was taken when the gel sample was fully compressed, followed by
release of the force. As shown in Figure 9b, the gel shape became irregular even for gels containing
MBG particles with 120 s of exposure. However, the compression force did not cause significant
cracks in the sample containing collagen and MBG. These tensile and compression tests indicated that
collagen and MBG enhanced the composite gel stiffness and elasticity.Polymers 2020, 12, x FOR PEER REVIEW 10 of 14 
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Figure 9. Images of sample used in the compressive test. The gel samples, (a) gelatin,
(b) gelatin containing 20% mesoporous bioactive glass (MBG), and (c) 90G10C containing 20% MBG,
were irradiated by an LED curing light for 120 s (before) and then were placed on the stage of the
material testing system machine (MTS) under compressive test (after).

The components of the gel used in the present work are all biodegradable materials, which means
that the sealant will degrade with time alone and will be replaced by tissue. However, in addition to
wound healing, preventing adhesion is another important issue. Thus, a gel layer was placed in a gap
in an L929 fibroblast monolayer to observe cell migration and to evaluate the gel’s ability to prevent
fibroblast invasion. Figure 10 shows that the migration distance of fibroblasts crossing the gel-filled gap
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was shorter than that of fibroblasts crossing the untreated gap (blank gap). Moreover, the orientation
of cells migrating across the blank gap was observed to be directed toward the center, but in the gel
group, no consistent cell orientation was observed. The images indicate that a highly hydrated gel can
reduce fibroblast migration and alter fibroblast orientation. Cell adhesion and migration are mediated
by adhesion receptors linking the cell with ECM ligands and can result in different degrees of extension.
Therefore, substrate stiffness and mechanotransduction play an important role in the biological
processes of cells, including adhesion, migration, proliferation and differentiation [62]. One possible
reason for the finding shown in Figure 9 is that the composite gel has lower compressive modulus
levels compared to TCPS, which reduces intracellular force generation and then limits cell migration.
Although the cell viability data indicate that the 90G10C composite induced moderate cytotoxicity,
Figure 10 shows that the fibroblasts in the 90G10C group still showed the typical morphology with
lamellipodal spreading, proliferation and movement outward from the boundary.
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Figure 10. Images of fibroblast cells crossing a gel-covered area. A straight linear gap was created in
a confluent L929 cell monolayer. The aqueous composite was placed within the gap area and irradiated
for 30 s. Then cell migration was observed with (a) 90G10C containing 20% MBG gel, and (b) blank
used as control.

4. Conclusions

While in situ photocrosslinking methods for hydrogel materials have many advantages,
they can also introduce problems, such as tissue damage due to UV exposure. The degree
of photocrosslinking depends on the irradiation time and the concentration of photosensitive
molecules. Therefore, shortened irradiation time decreases the photocrosslinking degree and
then caused poor mechanical strength. In the present study, the sol-gel transformation was
activated by visible-light-induced photocrosslinking between native proteins without any molecular
modification, and continuous fibrils and particles were used to reinforce the matrix stiffness and
hydrostatic resistance to compensate for the short exposure time. The tensile strength of the
gelatin/collagen/MBG sealant formed by dityrosine crosslinking was significantly higher than that
of fibrin glue. The gelatin/collagen/MBG composite sealant could be used not only to bind two
surfaces but also to form a barrier against fibroblast invasion. Together, these results demonstrate that
gelatin-based hydrogels reinforced by collagen fibrils and MBG cured in situ by visible light have
potential for application as tissue adhesives.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/5/1113/s1,
Figure S1: Effect of irradiation time on gelatin gel weight.
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Polymers 2020, 12, 1113 11 of 14

Author Contributions: Conceptualization, H.T. and S.-W.T.; Data curation, S.-M.W., M.-Y.P. and S.-W.T.; Formal
analysis, S.-M.W. and M.-Y.P.; Funding acquisition, W.-L.P. and S.-W.T.; Methodology, H.T.; Resources, W.-L.P.;
Supervision, S.-W.T.; Writing—original draft, S.-M.W.; Writing—review and editing, H.T. and S.-W.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Chang Gung Memorial Hospital under contract Nos. CMRPD2G0211
and CMRPD2G0212.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Asparuhova, M.B.; Caballé-Serrano, J.; Buser, D.; Chappuis, V. Bone-conditioned medium contributes to
initiation and progression of osteogenesis by exhibiting synergistic TGF-β1/BMP-2 activity. Int. J. Oral Sci.
2018, 10, 20. [CrossRef]

2. Thoma, D.S.; Sapata, V.M.; Jung, R.E.; Hüsler, J.; Cha, J.-K.; Jung, U.-W. Localized bone regeneration around
dental implants using recombinant bone morphogenetic protein-2 and platelet-derived growth factor-BB in
the canine. Clin. Oral Implant. Res. 2016, 28, 1334–1341. [CrossRef]

3. Zou, W.; Chen, Y.; Zhang, X.; Li, J.; Sun, L.; Gui, Z.; Du, B.; Chen, S. Cytocompatible chitosan based
multi-network hydrogels with antimicrobial, cell anti-adhesive and mechanical properties. Carbohydr. Polym.
2018, 202, 246–257. [CrossRef]

4. Li, J.; Celiz, A.D.; Yang, J.; Yang, Q.; Wamala, I.; Whyte, W.; Seo, B.R.; Vasilyev, N.V.; Vlassak, J.J.; Suo, Z.;
et al. Tough adhesives for diverse wet surfaces. Science 2017, 357, 378–381. [CrossRef]

5. Assmann, A.; Vegh, A.; Ghasemi-Rad, M.; Bagherifard, S.; Cheng, G.; Sani, E.S.; Ruiz-Esparza, G.U.;
Noshadi, I.; Lassaletta, A.D.; Gangadharan, S.P.; et al. A highly adhesive and naturally derived sealant.
Biomaterials 2017, 140, 115–127. [CrossRef]

6. Scognamiglio, F.; Travan, A.; Rustighi, I.; Tarchi, P.; Palmisano, S.; Marsich, E.; Borgogna, M.; Donati, I.; de
Manzini, N.; Paoletti, S. Adhesive and sealant interfaces for general surgery applications. J. Biomed. Mater.
Res. B Appl. Biomater. 2016, 104, 626–639. [CrossRef]

7. Mobley, S.R.; Hilinski, J.; Toriumi, D.M. Surgical tissue adhesives. Facial Plast. Surg. Clin. N. Am. 2002, 10,
147–154. [CrossRef]

8. Spotnitz, W.D. Fibrin Sealant: Past, Present, and Future: A Brief Review. World J. Surg. 2009, 34, 632–634.
[CrossRef]

9. Barton, M.J.; Morley, J.; Stoodley, M.; Lauto, A.; Mahns, D.A. Nerve repair: Toward a sutureless approach.
Neurosurg. Rev. 2014, 37, 585–595. [CrossRef]

10. Than, K.D.; Baird, C.J.; Olivi, A. Polyethylene glycol hydrogel dural sealant may reduce incisional
cerebrospinal fluid leak after posterior fossa surgery. Neurosurgery 2008, 63, 63. [CrossRef]

11. Wieken, K.; Angioi-Duprez, K.; Lim, A.; Marchal, L.; Merle, M. Nerve Anastomosis with Glue: Comparative
Histologic Study of Fibrin and Cyanoacrylate Glue. J. Reconstr. Microsurg. 2003, 19, 017–020. [CrossRef]

12. Mehdizadeh, M.; Yang, J. Design Strategies and Applications of Tissue Bioadhesives. Macromol. Biosci. 2012,
13, 271–288. [CrossRef]

13. Thangprasert, A.; Tansakul, C.; Thuaksubun, N.; Meesane, J. Mimicked hybrid hydrogel based on gelatin/PVA
for tissue engineering in subchondral bone interface for osteoarthritis surgery. Mater. Des. 2019, 183, 108113.
[CrossRef]

14. Huang, Z.; Gao, C.; Huang, Y.; Zhang, X.; Deng, X.; Cai, Q.; Yang, X. Injectable polyphosphazene/gelatin
hybrid hydrogel for biomedical applications. Mater. Des. 2018, 160, 1137–1147. [CrossRef]

15. Gupta, B.; Tummalapalli, M.; Deopura, B.; Alam, M. Preparation and characterization of in-situ crosslinked
pectin–gelatin hydrogels. Carbohydr. Polym. 2014, 106, 312–318. [CrossRef]

16. Noshadi, I.; Hong, S.; Sullivan, K.E.; Sani, E.S.; Portillo-Lara, R.; Tamayol, A.; Shin, S.R.; Gao, A.E.; Stoppel, W.;
Black, L.D.; et al. In vitro and in vivo analysis of visible light crosslinkable gelatin methacryloyl (GelMA)
hydrogels. Biomater. Sci. 2017, 5, 2093–2105. [CrossRef]

17. Wen, C.; Lü, L.; Li, X. Enzymatic and ionic crosslinked gelatin/K-carrageenan IPN hydrogels as potential
biomaterials. J. Appl. Polym. Sci. 2014, 131, 40975. [CrossRef]

http://dx.doi.org/10.1038/s41368-018-0021-2
http://dx.doi.org/10.1111/clr.12989
http://dx.doi.org/10.1016/j.carbpol.2018.08.124
http://dx.doi.org/10.1126/science.aah6362
http://dx.doi.org/10.1016/j.biomaterials.2017.06.004
http://dx.doi.org/10.1002/jbm.b.33409
http://dx.doi.org/10.1016/S1064-7406(02)00014-7
http://dx.doi.org/10.1007/s00268-009-0252-7
http://dx.doi.org/10.1007/s10143-014-0559-1
http://dx.doi.org/10.1227/01.NEU.0000313116.28200.67
http://dx.doi.org/10.1055/s-2003-37186
http://dx.doi.org/10.1002/mabi.201200332
http://dx.doi.org/10.1016/j.matdes.2019.108113
http://dx.doi.org/10.1016/j.matdes.2018.11.010
http://dx.doi.org/10.1016/j.carbpol.2014.02.019
http://dx.doi.org/10.1039/C7BM00110J
http://dx.doi.org/10.1002/app.40975


Polymers 2020, 12, 1113 12 of 14

18. Sando, L.; Danon, S.; Brownlee, A.G.; McCulloch, R.J.; Ramshaw, J.A.M.; Elvin, C.M.; Werkmeister, J.A.
Photochemically crosslinked matrices of gelatin and fibrinogen promote rapid cell proliferation. J. Tissue
Eng. Regen. Med. 2010, 5, 337–346. [CrossRef]

19. Sundaram, M.N.; Kaliannagounder, V.K.; Selvaprithiviraj, V.; Suresh, M.K.; Biswas, R.; Vasudevan, A.K.;
Varma, P.K.; Jayakumar, R. Bioadhesive, Hemostatic, and Antibacterial in Situ Chitin–Fibrin Nanocomposite
Gel for Controlling Bleeding and Preventing Infections at Mediastinum. ACS Sustain. Chem. Eng. 2018, 6,
7826–7840. [CrossRef]

20. Huang, F.; Cui, L.; Peng, C.-H.; Wu, X.-B.; Han, B.-S.; Dong, Y.-D. Preparation of three-dimensional
macroporous chitosan-gelatin B microspheres and HepG2-cell culture. J. Tissue Eng. Regen. Med. 2014, 10,
1033–1040. [CrossRef]

21. Khan, M.I.H.; Islam, J.M.M.; Kabir, W.; Rahman, A.; Mizan, M.; Rahman, M.F.; Amin, J.; Khan, M.A.
Development of hydrocolloid Bi-layer dressing with bio-adhesive and non-adhesive properties. Mater. Sci.
Eng. C 2016, 69, 609–615. [CrossRef] [PubMed]

22. Xu, Y.; Wang, X. Fluid and cell behaviors along a 3D printed alginate/gelatin/fibrin channel. Biotechnol. Bioeng.
2015, 112, 1683–1695. [CrossRef]

23. Wang, Z.; Kumar, H.; Tian, Z.; Jin, X.; Holzman, J.F.; Menard, F.; Kim, K. Visible Light Photoinitiation
of Cell-Adhesive Gelatin Methacryloyl Hydrogels for Stereolithography 3D Bioprinting. ACS Appl.
Mater. Interfaces 2018, 10, 26859–26869. [CrossRef] [PubMed]

24. Wang, Y.; Ma, M.; Wang, J.; Zhang, W.; Lu, W.; Gao, Y.; Zhang, B.; Guo, Y. Development of a Photo-Crosslinking,
Biodegradable GelMA/PEGDA Hydrogel for Guided Bone Regeneration Materials. Materials 2018, 11, 1345.
[CrossRef]

25. Occhetta, P.; Sadr, N.; Piraino, F.; Redaelli, A.; Moretti, M.; Rasponi, M. Fabrication of 3D cell-laden hydrogel
microstructures through photo-mold patterning. Biofabrication 2013, 5, 035002. [CrossRef]

26. Wang, E.; Wang, D.; Geng, A.; Seo, R.; Gong, X. Growth of hollow cell spheroids in microbead templated
chambers. Biomaterials 2017, 143, 57–64. [CrossRef]

27. Chen, P.; Zheng, L.; Wang, Y.; Tao, M.; Xie, Z.; Xia, C.; Gu, C.; Chen, J.; Qiu, P.; Mei, S.; et al.
Desktop-stereolithography 3D printing of a radially oriented extracellular matrix/mesenchymal stem
cell exosome bioink for osteochondral defect regeneration. Theranostics 2019, 9, 2439–2459. [CrossRef]

28. Yang, J.; Xu, F. Synergistic Reinforcing Mechanisms in Cellulose Nanofibrils Composite Hydrogels: Interfacial
Dynamics, Energy Dissipation, and Damage Resistance. Biomacromolecules 2017, 18, 2623–2632. [CrossRef]

29. Cheng, Q.; Wang, S.; Rials, T.G. Poly(vinyl alcohol) nanocomposites reinforced with cellulose fibrils isolated
by high intensity ultrasonication. Compos. Part A Appl. Sci. Manuf. 2009, 40, 218–224. [CrossRef]

30. Xie, Y.; Liao, X.; Zhang, J.; Yang, F.; Fan, Z. Novel chitosan hydrogels reinforced by silver nanoparticles with
ultrahigh mechanical and high antibacterial properties for accelerating wound healing. Int. J. Biol. Macromol.
2018, 119, 402–412. [CrossRef]

31. Park, C.W.; South, A.B.; Hu, X.; Verdes, C.; Kim, J.-D.; Lyon, L.A. Gold nanoparticles reinforce self-healing
microgel multilayers. Colloid Polym. Sci. 2010, 289, 583–590. [CrossRef]

32. Jaiswal, M.K.; Xavier, J.R.; Carrow, J.K.; Desai, P.; Alge, D.; Gaharwar, A.K. Mechanically Stiff Nanocomposite
Hydrogels at Ultralow Nanoparticle Content. ACS Nano 2015, 10, 246–256. [CrossRef] [PubMed]

33. Luo, X.; Akram, M.Y.; Yuan, Y.; Nie, J.; Zhu, X. Silicon dioxide/poly(vinyl alcohol) composite hydrogels with
high mechanical properties and low swellability. J. Appl. Polym. Sci. 2018, 136, 46895. [CrossRef]

34. Carrow, J.K.; Cross, L.M.; Reese, R.W.; Jaiswal, M.K.; Gregory, C.A.; Kaunas, R.; Singh, I.; Gaharwar, A.K.
Widespread changes in transcriptome profile of human mesenchymal stem cells induced by two-dimensional
nanosilicates. Proc. Natl. Acad. Sci. USA 2018, 115, E3905–E3913. [CrossRef] [PubMed]

35. Motealleh, A.; Çelebi-Saltik, B.; Ermis, N.; Nowak, S.; Khademhosseini, A.; Kehr, N.S.; Nowak, S. 3D printing
of step-gradient nanocomposite hydrogels for controlled cell migration. Biofabrication 2019, 11, 045015.
[CrossRef]

36. Draye, J.-P.; Delaey, B.; Van De Voorde, A.; Bulcke, A.V.D.; Bogdanov, B.; Schacht, E. In vitro release
characteristics of bioactive molecules from dextran dialdehyde cross-linked gelatin hydrogel films.
Biomaterials 1998, 19, 99–107. [CrossRef]

37. Kuijpers, A.; Van Wachem, P.B.; Van Luyn, M.; Engbers, G.; Krijgsveld, J.; Zaat, S.; Dankert, J.; Feijen, J.
In vivo and in vitro release of lysozyme from cross-linked gelatin hydrogels: A model system for the delivery
of antibacterial proteins from prosthetic heart valves. J. Control. Release 2000, 67, 323–336. [CrossRef]

http://dx.doi.org/10.1002/term.318
http://dx.doi.org/10.1021/acssuschemeng.8b00915
http://dx.doi.org/10.1002/term.1888
http://dx.doi.org/10.1016/j.msec.2016.07.029
http://www.ncbi.nlm.nih.gov/pubmed/27612753
http://dx.doi.org/10.1002/bit.25579
http://dx.doi.org/10.1021/acsami.8b06607
http://www.ncbi.nlm.nih.gov/pubmed/30024722
http://dx.doi.org/10.3390/ma11081345
http://dx.doi.org/10.1088/1758-5082/5/3/035002
http://dx.doi.org/10.1016/j.biomaterials.2017.07.031
http://dx.doi.org/10.7150/thno.31017
http://dx.doi.org/10.1021/acs.biomac.7b00730
http://dx.doi.org/10.1016/j.compositesa.2008.11.009
http://dx.doi.org/10.1016/j.ijbiomac.2018.07.060
http://dx.doi.org/10.1007/s00396-010-2353-0
http://dx.doi.org/10.1021/acsnano.5b03918
http://www.ncbi.nlm.nih.gov/pubmed/26670176
http://dx.doi.org/10.1002/app.46895
http://dx.doi.org/10.1073/pnas.1716164115
http://www.ncbi.nlm.nih.gov/pubmed/29643075
http://dx.doi.org/10.1088/1758-5090/ab3582
http://dx.doi.org/10.1016/S0142-9612(97)00164-6
http://dx.doi.org/10.1016/S0168-3659(00)00221-2


Polymers 2020, 12, 1113 13 of 14

38. Lee, J.; Macosko, C.W.; Urry, D.W. Swelling Behavior of γ-Irradiation Cross-Linked Elastomeric
Polypentapeptide-Based Hydrogels. Macromolecules 2001, 34, 4114–4123. [CrossRef]

39. Jabbari, E.; Nozari, S. Swelling behavior of acrylic acid hydrogels prepared by γ-radiation crosslinking of
polyacrylic acid in aqueous solution. Eur. Polym. J. 2000, 36, 2685–2692. [CrossRef]

40. Giammona, G.; Pitarresi, G.; Cavallaro, G.; Spadaro, G. New biodegradable hydrogels based on an acryloylated
polyaspartamide cross-linked by gamma irradiation. J. Biomater. Sci. Polym. Ed. 1999, 10, 969–987. [CrossRef]

41. Sperinde, J.J.; Griffith, L.G. Synthesis and Characterization of Enzymatically-Cross-Linked Poly(ethylene
glycol) Hydrogels. Macromolecules 1997, 30, 5255–5264. [CrossRef]

42. Sperinde, J.J.; Griffith, L.G. Control and Prediction of Gelation Kinetics in Enzymatically Cross-Linked
Poly(ethylene glycol) Hydrogels. Macromolecules 2000, 33, 5476–5480. [CrossRef]

43. Sakai, S.; Kamei, H.; Mori, T.; Hotta, T.; Ohi, H.; Nakahata, M.; Taya, M. Visible Light-Induced Hydrogelation
of an Alginate Derivative and Application to Stereolithographic Bioprinting Using a Visible Light Projector
and Acid Red. Biomacromolecules 2018, 19, 672–679. [CrossRef] [PubMed]

44. Lu, M.; Liu, Y.; Huang, Y.-C.; Huang, C.-J.; Tsai, W.-B. Fabrication of photo-crosslinkable glycol chitosan
hydrogel as a tissue adhesive. Carbohydr. Polym. 2018, 181, 668–674. [CrossRef]

45. Yuan, L.; Wu, Y.; Gu, Q.-S.; El-Hamshary, H.; El-Newehy, M.; Mo, X. Injectable photo crosslinked enhanced
double-network hydrogels from modified sodium alginate and gelatin. Int. J. Biol. Macromol. 2017, 96,
569–577. [CrossRef]

46. Noblet, G.; Desilles, N.; Lecamp, L.; Lebaudy, P.; Bunel, C. Gradient Structure Polymer Obtained from
a Homogeneous Mixture: Synthesis and Mechanical Properties. Macromol. Chem. Phys. 2006, 207, 426–433.
[CrossRef]

47. Kalamaras, I.; Daletou, M.; Neophytides, S.G.; Kallitsis, J.K. Thermal crosslinking of aromatic polyethers
bearing pyridine groups for use as high temperature polymer electrolytes. J. Membr. Sci. 2012, 415, 42–50.
[CrossRef]

48. Soucy, J.; Sani, E.S.; Portillo-Lara, R.; Díaz, D.; Dias, F.; Weiss, A.S.; Koppes, A.; Koppes, R.A.; Annabi, N.
Photocrosslinkable Gelatin/Tropoelastin Hydrogel Adhesives for Peripheral Nerve Repair. Tissue Eng. Part A
2018, 24, 1393–1405. [CrossRef]

49. Tran, N.B.; Moon, J.R.; Jeon, Y.S.; Kim, J.; Kim, J.-H. Adhesive and self-healing soft gel based on
metal-coordinated imidazole-containing polyaspartamide. Colloid Polym. Sci. 2017, 295, 655–664. [CrossRef]

50. Roumanet, P.-J.; Laflèche, F.; Jarroux, N.; Raoul, Y.; Claude, S.; Guégan, P. Novel aliphatic polyesters from
an oleic acid based monomer. Synthesis, epoxidation, cross-linking and biodegradation. Eur. Polym. J. 2013,
49, 813–822. [CrossRef]

51. Elvin, C.M.; Carr, A.G.; Huson, M.G.; Maxwell, J.M.; Pearson, R.D.; Vuocolo, T.; Liyou, N.E.; Wong, D.C.C.;
Merritt, D.; Dixon, N.E. Synthesis and properties of crosslinked recombinant pro-resilin. Nature 2005, 437,
999–1002. [CrossRef] [PubMed]

52. Bjork, J.W.; Johnson, S.L.; Tranquillo, R.T. Ruthenium-catalyzed photo cross-linking of fibrin-based engineered
tissue. Biomaterials 2010, 2432, 2479–2488. [CrossRef] [PubMed]

53. Partlow, B.P.; Applegate, M.B.; Omenetto, F.G.; Kaplan, D. Dityrosine Cross-Linking in Designing Biomaterials.
ACS Biomater. Sci. Eng. 2016, 2, 2108–2121. [CrossRef]

54. Elvin, C.M.; Vuocolo, T.; Brownlee, A.G.; Sando, L.; Huson, M.G.; Liyou, N.E.; Stockwell, P.R.; Lyons, R.E.;
Kim, M.; Edwards, G.A.; et al. A highly elastic tissue sealant based on photopolymerised gelatin. Biomaterials
2010, 31, 8323–8331. [CrossRef] [PubMed]

55. Elvin, C.M.; Brownlee, A.G.; Huson, M.G.; Tebb, T.A.; Kim, M.; Lyons, R.E.; Vuocolo, T.; Liyou, N.E.;
Hughes, T.C.; Ramshaw, J.A.M.; et al. The development of photochemically crosslinked native fibrinogen as
a rapidly formed and mechanically strong surgical tissue sealant. Biomaterials 2009, 30, 2059–2065. [CrossRef]

56. Tsai, S.-W.; Chang, Y.-H.; Yu, J.-L.; Hsu, H.-W.; Rau, L.-R.; Hsu, F.-Y. Preparation of Nanofibrous Structure of
Mesoporous Bioactive Glass Microbeads for Biomedical Applications. Materials 2016, 9, 487. [CrossRef]

57. Xiao, S.; Liang, K.; Weir, M.D.; Cheng, L.; Liu, H.; Zhou, X.; Ding, Y.; Xu, H.H. Combining Bioactive
Multifunctional Dental Composite with PAMAM for Root Dentin Remineralization. Materials 2017, 10, 89.
[CrossRef]

58. Kadler, K.; Holmes, D.F.; Trotter, J.A.; Chapman, J.A. Collagen fibril formation. Biochem. J. 1996, 316, 1–11.
[CrossRef]

http://dx.doi.org/10.1021/ma0015673
http://dx.doi.org/10.1016/S0014-3057(00)00044-6
http://dx.doi.org/10.1163/156856299X00568
http://dx.doi.org/10.1021/ma970345a
http://dx.doi.org/10.1021/ma000459d
http://dx.doi.org/10.1021/acs.biomac.7b01827
http://www.ncbi.nlm.nih.gov/pubmed/29393630
http://dx.doi.org/10.1016/j.carbpol.2017.11.097
http://dx.doi.org/10.1016/j.ijbiomac.2016.12.058
http://dx.doi.org/10.1002/macp.200500467
http://dx.doi.org/10.1016/j.memsci.2012.04.057
http://dx.doi.org/10.1089/ten.tea.2017.0502
http://dx.doi.org/10.1007/s00396-017-4051-7
http://dx.doi.org/10.1016/j.eurpolymj.2012.08.002
http://dx.doi.org/10.1038/nature04085
http://www.ncbi.nlm.nih.gov/pubmed/16222249
http://dx.doi.org/10.1016/j.biomaterials.2010.12.010
http://www.ncbi.nlm.nih.gov/pubmed/21196047
http://dx.doi.org/10.1021/acsbiomaterials.6b00454
http://dx.doi.org/10.1016/j.biomaterials.2010.07.032
http://www.ncbi.nlm.nih.gov/pubmed/20674967
http://dx.doi.org/10.1016/j.biomaterials.2008.12.059
http://dx.doi.org/10.3390/ma9060487
http://dx.doi.org/10.3390/ma10010089
http://dx.doi.org/10.1042/bj3160001


Polymers 2020, 12, 1113 14 of 14

59. Lin, B.; Zhang, F.; Yu, Y.; Jiang, Q.; Zhang, Z.; Wang, J.; Li, Y. Marine collagen peptides protect against early
alcoholic liver injury in rats. Br. J. Nutr. 2011, 107, 1160–1166. [CrossRef]

60. Shin, S.-S.; Lim, K.-M.; Park, I.M. Effects of high Zn content on the microstructure and mechanical properties
of Al–Zn–Cu gravity-cast alloys. Mater. Sci. Eng. A 2017, 679, 340–349. [CrossRef]

61. Doel, T.; Bowen, P. Tensile properties of particulate-reinforced metal matrix composites. Compos. Part A Appl.
Sci. Manuf. 1996, 27, 655–665. [CrossRef]

62. Tsai, S.-W.; Liou, H.-M.; Lin, C.-J.; Kuo, K.-L.; Hung, Y.-S.; Weng, R.-C.; Hsu, F.-Y. MG63 Osteoblast-Like
Cells Exhibit Different Behavior when Grown on Electrospun Collagen Matrix versus Electrospun Gelatin
Matrix. PLoS ONE 2012, 7, e31200. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1017/S0007114511004211
http://dx.doi.org/10.1016/j.msea.2016.09.022
http://dx.doi.org/10.1016/1359-835X(96)00040-1
http://dx.doi.org/10.1371/journal.pone.0031200
http://www.ncbi.nlm.nih.gov/pubmed/22319618
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Preparation of the Photocrosslinked Adhesive 
	Gel Stability Test 
	Mechanical Property Test 
	Cytotoxicity Test 
	Cell migration Measurement 
	Statistical analysis 

	Results and Discussion 
	Characterization of the Photocrosslinking Hydrogel Reinforced by Collagen Fibrils 
	Physical Properties 
	Mechanical Properties 

	Cytotoxicity Evaluation 
	Effect of MBG Particles on the Mechanical Properties of Hydrogel 
	Characterization of the Photocrosslinking Hydrogel Reinforced by Nanoparticles and Fibrils 

	Conclusions 
	References

