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ABSTRACT: Gelatin methacryloyl (GelMA) has been widely studied as a biomaterial for tissue
engineering. Most studies focus on mammalian gelatin, but certain factors, such as mammalian diseases
and diet restrictions, limit the use of mammalian gelatin. Thus, fish gelatin has received much attention as
a substitute material in recent years. To develop a broadly applicable hydrogel with excellent properties, an
interpenetrating polymer network (IPN) hydrogel was synthesized, since IPN hydrogels consist of at least
two different hydrogel components to combine their advantages. In this study, we prepared GelMA using
type A and fish gelatin and then synthesized IPN hydrogels using GelMA with alginate. GelMA single-
network hydrogels were used as a control group. The favorable mechanical properties of type A and fish
hydrogels improved after the synthesis of the IPN hydrogels. Type A and fish IPN hydrogels showed
different mechanical properties (mechanical strength, swelling ratio, and degradation rate) and different
cross-sectional morphologies, since the degree of mechanical enhancement in fish IPN hydrogels was less
than that in type A; however, the cell biocompatibilities were not significantly different. Therefore, these
findings could serve as a reference for future studies when selecting GelMA as a biological material for
tissue engineering.

1. INTRODUCTION

Hydrogels have been widely used in tissue engineering
recently, including in bone tissue scaffolds, contact lenses,
wound healing dressings, and hygiene products because they
show many characteristics similar to those of the extracellular
matrix (ECM) of the body, including similar mechanical and
biochemical properties.1,2 Some physical properties of hydro-
gels, such as mechanical strength, swelling ratio, degradation
rate, and pore size, have a significant influence on cell activities
such as proliferation, elongation, differentiation, and migra-
tion.3−6 Therefore, it is necessary to adjust the physical
properties of the hydrogels according to the intended purpose,
to meet the requirements of different applications of tissue
engineering. The raw materials that make up the hydrogels
have various physical, mechanical, and biological properties
that can be obtained from natural or synthetic sources such as
gelatin, sodium alginate (SA), polyacrylamide, chitosan, and
hyaluronic acid (HA), among others.7 For biomedical
applications, naturally sourced polymers (gelatin, alginate,
chitosan, etc.) are more suitable than synthetic polymers due
to their excellent biocompatibility, low immune response,
available bioactive motifs, and easy availability. Among these,
gelatin is one of the most popular choices because of its
similarity to ECM and many favorable properties such as
biodegradability, good solubility, low antigenicity, low cost, low
gelling point, and ease of manipulation; the most important
property is that the abundant arginine−glycine−aspartic acid

(RGD) sequences in gelatin are good for cell adhesion, cell
migration, and differentiation.8 However, gelatin has some
disadvantages such as rapid degradation and low mechanical
modulus.4,9,10 To overcome these drawbacks, some methods
have been developed through chemical modification, such as
methacrylation,11 isocyanate incorporation,12 and furfuryl-
amine incorporation,13 to enhance the mechanical properties.
Methacrylation to modify gelatin (gelatin methacryloyl,
GelMA) is the most common and effective of all these
methods, and GelMA has been widely studied as a biomaterial;
therefore, the main material selected for our study is GelMA.
Numerous studies have confirmed that GelMA supports the
adhesion and growth of various types of cells, such as mouse
bone mesenchymal stem cells,14,15 odontoblast-like cells,16

neural stem cells,17 human umbilical vein endothelial cells,18

fibroblast cells,19 and chondrocytes,20 which benefit from the
abundant RGD sequences as mentioned before. It has been
well established that RGD sequences are most effective and
widely employed for stimulated cell adhesion on synthetic
surfaces, and RGD sequences inhibit cell adhesion to
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fibronectin while promoting cell adhesion on the synthetic
surfaces through four steps, namely, cell attachment, cell
spreading, organization of actin cytoskeleton, and formation of
focal adhesions.21 Many researchers focus on mammalian
gelatin (type A gelatin and type B gelatin). For example, Koshy
et al. fabricated injectable, porous, and cell-responsive gelatin
cryogels using type A gelatin22 and Vandervoort et al.
constructed drug-loaded gelatin nanoparticles using type A
and B gelatin for topical ophthalmic use.23 But some factors
like mammalian disease (e.g., bovine spongiform encephalop-
athy) and religious restrictions limit the use of mammalian
gelatin and its further research.22,24,25 Fish gelatin has received
much attention as a substitute material in recent years, as it is
free of mammalian diseases and faces less personal and
religious limitations, compared with mammalian gelatin;
however, some unfavorable mechanical properties, such as
low mechanical modulus and rapid degradation, limit the
application of fish gelatin as a biomaterial.4,9

An interpenetrating polymer network (IPN) hydrogels were
designed to further develop the properties of the GelMA
hydrogel. IPN hydrogels consist of at least two different
hydrogel components to combine the advantageous character-
istics of each polymer component.6,25−27 Another type of
hydrogel in the IPN hydrogel system used in this study is
alginate, which is derived from brown algae and has favorable
properties such as easy availability, biocompatibility, and gentle
gelation. In this study, alginate was cross-linked with divalent
ions (calcium ions), which is considered to be the most
effective method. However, the application of alginate is often
limited by some drawbacks, such as low elasticity, brittleness,
low degradation rate, and poor bonding properties to cells
because of the absence of ligands for mammalian cell
attachment and low protein adsorption.4,25,28−30 Therefore,
previous studies modified alginate hydrogels by coupling RGD-
containing peptides to the alginate backbone to enhance cell
attachment.31,32 Therefore, the IPN hydrogels developed in
this study will be more biocompatible, with excellent
mechanical properties, due to the combined advantages of
both GelMA and alginate.
In this study, to develop a broadly applicable hydrogel with

excellent properties for tissue engineering, IPN hydrogels were
synthesized using type A or fish GelMA with SA. Finally, the
compressive strength, cross-sectional morphology, swelling
ratio, degradation rate, and biocompatibility of type A and fish
IPN hydrogels were determined to compare their potentials as
biomaterials for tissue engineering.

2. MATERIALS AND METHODS
2.1. Materials. Gelatin from porcine skin (Type A, 300

bloom, 50−100 kDa), gelatin from cold water fish skin (60
kDa), methacrylic anhydride (MA), and photoinitiator (2-
hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone) were
purchased from Sigma-Aldrich (MO, USA). SA (300−400
cP) was obtained from Wako (Osaka, Japanese).
2.2. Preparation of Samples. 2.2.1. Synthesis of GelMA.

Type A and fish GelMA were synthesized using the facile one-
pot synthesis method according to the previous study (Figure
1a).33 Briefly, 0.25 M CB buffer (100 mL) was made by
dissolving sodium carbonate (7.95 g) and sodium bicarbonate
(14.65 g) in distilled water, and then 10 g type A or fish gelatin
was dissolved in 100 mL of 0.25 M CB buffer at 50°C, and 5 M
sodium hydroxide was used to change the initial pH to 9. After
that, 1 mL of MA was added to the gelatin solution and reacted

for 3 h under magnetic stirring at 50 °C. The reaction was
stopped by changing the pH to 7.4 using 1 M hydrochloric
acid. The potentially cytotoxic unreacted MA, salts, and
byproducts in the reaction solution were removed through
dialyzing against distilled water using the cutoff dialysis tube
(12−14 kDa) at 40 °C for 7 days and changing fresh distilled
water every day, filtered (0.22 μm filter), changed the pH to
7.4 using 1.5 M sodium hydroxide, and lyophilized. The final
foamlike GelMA after freeze-drying was stored at −20 °C in
the refrigerator until further use. GelMA from type A and fish
gelatin was named A-GelMA and F-GelMA, respectively.

2.2.2. Evaluation of the Degree of Functionality. The
degree of functionality (DoF) of GelMA was evaluated using
1H NMR spectroscopy according to the previous studies.34,35
1H NMR spectra were collected using a 600 MHz Fourier
transform-NMR spectrometer (JNM-ECZ600R, JEOL, Japan)
installed in the Center for University-Wide Research Facilities
(CURF) at Jeonbuk National University. Fifty milligrams of
gelatin and GelMA were dissolved in 1 mL deuterium oxide
(D2O) before the measurement, respectively. The DoF was
investigated by calculating the percentage of ε-amino groups in
gelatin that was modified in GelMA by reaction with MA using
the following equation:36

= − ×DoF 1
lysine methylene proton of GelMA
lysine methylene proton of gelatin

100%

2.2.3. Synthesis of GelMA Single-Network and SA/GelMA
IPN Hydrogels. SA/GelMA IPN hydrogels were synthesized
using three cross-link steps (Figure 2). Briefly, 2.5 w/v % SA
and 20 w/v % GelMA were dissolved in PBS under 40 °C and
mixed with 0.05 w/v % photoinitiator, respectively, and stored
at 4°C overnight in the dark afterward. Following this
treatment, the mixture was transferred to an incubator at 37
°C, which allowed GelMA and SA to fully dissolve without
bubbles and turned clear. After that, 0.5 mL of SA solution, 0.5
mL of GelMA solution, and 22.3 μL of calcium sulfate slurry
(CaSO4_2H2O, 0.21 g/mL) were mixed and injected onto a
coverslip with 1 mm spacers immediately after mixing well.
The mixture was allowed to gel for 30 min at room
temperature on the coverslip. Finally, the mixed solution was
turned into IPN hydrogels with the UV light source (WUV-
L50, DAIHAN Scientific, South Korea) at 320−500 nm for 5

Figure 1. (a) Type A and fish gelatin were reacted with methacrylic
anhydride (MA). (b) Molecular structure of alginate.
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min. The GelMA single network (SN) hydrogels were also
synthesized using the same method as a control group.
2.3. Cross-Sectional Morphology. To identity the

morphology of hydrogels, scanning electron microscopy
(SEM) images were taken. Samples were immersed in PBS
buffer at 37°C for 24 h to swell fully and then lyophilized
overnight; after that, the cross-sections of dried hydrogels were
prepared using a blade and coated with a thin layer of
sputtered gold for 120 s. The cross-sectional morphology of
the hydrogel samples was determined using a scanning electron
microscope (JSM-5900, JEOL, Japan). ImageJ software
(Nation Institutes of Health, Bethesda, MD, USA) was used
to analyze the pore size and distribution through SEM
images.37,38

2.4. Compressive Modulus Test. Before the compressive
test, the hydrogel samples were immersed in PBS buffer to
swell for 24 h; after that, a biopsy puncher was used to cut the
sample into the shape of a cylinder (the diameter was 3 mm
and the thickness was 1 mm). The mechanical testing of
hydrogel disks was performed using a universal tester (GB
4201, Instron, UK) with 50 N load cell, the constant crosshead
speed was 0.5 mm/min, and the sample number in each group
was five. The compressive modulus was determined as the
slope of the linear region corresponding to 5−15% strain in the
stress−strain curve.
2.5. Swelling and Degradation Test. Sample disks were

cut using a 10 mm diameter biopsy puncher after synthesizing
hydrogels; there were five samples in each experimental group
for the swelling and degradation test. First, the initial dry
weights (Wi) of hydrogels (10 mm diameter and 1 mm
thickness) were measured after freeze-drying overnight. Then,
the freeze-dried hydrogel samples were immersed in PBS and
incubated at 37 °C; PBS was replaced every week. The
hydrogel samples were removed at several time points (1, 7,
14, and 21 days), were washed with fresh PBS, and absorbed
the solution using Kim wipes on the sample surface. The
weights of the samples in the swollen status (Ws) were
recorded. The swelling ratio was calculated using the formula:

= W Wswelling ratio /s i

After recording the hydrogel swollen weights, the samples
were lyophilized again, and dry weight (Wd) after degradation

was measured. The mass loss ratio was calculated using the
equation:25

= − ×W W Wmass loss ( )/ 100%i d i

2.6. Cell Seeding and Characterization. The cell culture
medium was prepared by adding 10% fetal bovine serum (FBS,
Gibco Co., USA), 500 U/mL streptomycin (Gibco Co., USA),
and 500 unit/mL penicillin (Gibco Co., USA) to α-minimal
essential media (MEM, Gibco, Carlsbad, CA, USA). To avoid
the cells to be dispersed in the well plate, the cylindrical
hydrogels (15 mm × 1 mm) with a size matching the well plate
(15 mm in diameter) were prepared as described before,
sterilized using an autoclave, and inserted into the well plate;
after that, the samples were cultured in the cell culture medium
overnight in the incubator (37 °C and 5% CO2). MC3T3-E1
(2 × 104 cells/mL) suspension was seeded on the hydrogel
samples, and the culture medium was changed every 72 h. The
cells cultured without the sample and with 0.1 M hydrogen
peroxide acted as a negative and positive control group,
respectively. After 3−5 days in culture, cell proliferation was
determined using CCK-8 (Enzo Life Sciences Inc., NY, USA)
assay for colorimetric analyses. Briefly, the cell culture medium
was removed and fresh medium with 10% CCK-8 reagent was
added; after that, the cells were further cultured at 37 °C in an
incubator for 1.5 h. The formazan dye intensity was measured
using an ELISA reader (Molecular Devices, EMax, San Jose,
CA, USA) at a wavelength of 450 nm. Fluorescent staining of
the cells was performed using the Live-Dead Cell Staining Kit
(Enzo Life Sciences AG, Lausen, TX, USA) according to the
manufacturer’s instructions, and the live and dead image was
determined using a superresolution confocal laser scanning
microscope (LSM 880 with Airyscan, Carl Zeiss, Germany)
installed in the Center for University-Wide Research Facilities
(CURF) at the Jeonbuk National University.

2.7. Statistical Analysis. One-way analysis of variance
(ANOVA) with a 95% confidence interval was performed to
evaluate the statistical significance. The difference between two
groups was considered statistically significant when the P-value
was lower than 0.05. It was marked as *, **, *** when the P-
value was less than 0.05, 0.01, and 0.001, respectively. All
analyses were performed using GraphPad Prism 8.0.2 (Graph-

Figure 2. (a) Schematic of synthesizing SA/GelMA IPN hydrogels. (b) Digital photographs of hydrogels (from left to right: type A SN, fish SN,
type A IPN, and fish IPN hydrogel). (c) Shape change of the hydrogel under stress.
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Pad Software, La Jolla, CA). The error bars in the images
represent SDs of measurements performed on five samples.

3. RESULTS
3.1. Synthesis of SN and IPN Hydrogels. The digital

photographs of SN and IPN hydrogels are shown in Figure 2,
and there was no significant difference between type A and fish
hydrogels; however, the IPN hydrogels were opaquer than the
SN hydrogels (Figure 2b). All types of hydrogel discs were
transparent, flat, and elastic, and the shape of the hydrogels
changed under force, but they returned to their original shape
immediately when the force was removed (Figure 2c).
3.2. Degree of Functionality. The 1H NMR spectra

(Figure 3) were used to identify the methacrylamide groups in
type A and fish GelMA. Compared with gelatin (Figure 3b,d),
the new signals at δ = 5.4 and 5.7 ppm in GelMA (Figure 3a,c)
were the protons of the methacrylate vinyl group of MA, the
decreasing signal at δ = 2.9 ppm corresponded to the protons
of methylene group of lysine, and the constant signal at δ = 7.3
ppm was an aromatic amino acid, so that the intensity of other
protons in different samples was normalized by the intensity of
the aromatic amino acid. The chemical structures of gelatin
and GelMA are shown in Figure 1a. The new functional groups
that were modified from lysine were formed in the GelMA
attributed to the reaction between gelatin and MA; it caused
the decrease in the intensity of lysine. Therefore, the DoF was
calculated by comparing the proton integral value (δ = 2.9
ppm) of GelMA lysine residues with the lysine proton integral
of untreated gelatin, using MestReNova 12.0.2 (Mestrelab

Research S. L., Santiago de Compostela, Spain). The DoFs of
A-GelMA and F-GelMA were 94% and 86%, respectively
(Table 1).

3.3. Cross-Sectional Morphology. The cross-sectional
morphology of the hydrogels was observed using SEM (Figure
4A). The samples were dried by lyophilization before SEM
analysis. Although the structure of the freeze-dried hydrogels is
different from that of the wet state before lyophilization, it is
still an intuitive and effective method for observing the
morphology of the hydrogel cross-section. All hydrogel
samples showed the porous cross-sectional morphology, and
the detailed information of pore size and distribution is
presented in Figure 4B. The mean pore diameters of type A
and fish SN hydrogels were 141.1 ± 72.6 μm and 198.1 ±
125.9 μm (Figure 4B-a,B-b), respectively. However, the mean
diameter of the pores was significantly decreased after blending
with alginate to form IPN hydrogels with either type A or fish
hydrogels. The mean diameter of type A and fish IPN
hydrogels was 23.3 ± 18.4 and 88.2 ± 46 μm (Figure 4B-c,B-
d), respectively. Furthermore, the pores of type A hydrogels
were smaller and denser than those of fish IPN hydrogels, as
evident in the SEM images.

Figure 3. 1H NMR spectra of type A and fish gelatin, GelMA macromers.

Table 1. DoF of Type A and Fish GelMA

group DoF (%)

A-GelMA 94
F-GelMA 86
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3.4. Mechanical Modulus. To determine the difference
between type A and fish IPN hydrogels on the mechanical

modulus, an unconfined compressive test was performed. The
compressive modulus (Figure 5b) was calculated using the

Figure 4. (A) Images of the cross-sectional morphology of type A SN (a, e), fish SN (b, f), type A IPN (c, e), and fish IPN (d, h) hydrogels were
obtained using scanning electron microscopy. Images (e), (f), (g), and (h) are the images (a), (b), (c), and (d) at high magnification, respectively.
(B) Analysis of pore size and distribution of type A SN (a), fish SN (b), type A IPN (c), and fish IPN (d) hydrogels (the unit of the mean diameter
of the pores is in micrometer).

Figure 5. Stress−strain curve of the compression test (a) and analysis of the compressive modulus (b) of type A SN, fish SN, type A IPN, and fish
IPN hydrogels. Error bars represent SDs of measurements performed on five samples (*P < 0.05, **P < 0.01, ***P < 0.001).

Figure 6. Swelling ratio (a) and degradation rate (b) of type A SN, fish SN, type A IPN, and fish IPN hydrogels. The swelling ratio and mass loss
change were determined after immersing different hydrogels in PBS for 21 days.
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stress−strain curve (Figure 5a). The compressive modulus of
type A hydrogels was significantly higher than that of fish
hydrogels in SN or IPN hydrogels, but they showed a similar
trend of change after the formation of IPN hydrogels.
Compared with SN hydrogels, the compressive modulus was
significantly increased from 93.6 ± 16.6 to 201.2 ± 5.5 kPa in
type A hydrogel and slightly increased from 39.4 ± 1.7 to 48.6
± 4.7 kPa in fish hydrogel after the synthesis of IPN hydrogels
using GelMA and alginate.
3.5. Swelling and Degradation. The stability (swelling

and degradation) of hydrogels is an important factor to be
considered for tissue engineering and medical applications;
therefore, it is essential to investigate the stability of hydrogels.
As shown in Figure 6a, there was no significant difference in
the swelling ratios of type A SN and IPN hydrogels until 7
days, but type A IPN hydrogels showed a higher swelling ratio
than SN hydrogels after 14 days, and the difference was even
more significant after 21 days. Fish hydrogels showed similar
results, but the difference in swelling ratios of fish SN and IPN
hydrogels was observed after 21 days. Furthermore, there was
no significant difference between the swelling ratio of type A
SN hydrogels and fish SN hydrogels for 21 days, but after the
synthesis of IPN hydrogels, fish IPN hydrogels had a
significantly higher swelling ratio than type A hydrogels after
21 days. The mass loss in Figure 6b represents the degradation
rate; the degradation rate of type A and fish hydrogels
decreased after the synthesis of IPN hydrogels, and it was
relatively higher in fish hydrogels compared with that in type A
hydrogels. After being immersed in PBS for 21 days, the mass
loss was 23% ± 0.8% (type A SN), 12% ± 3.9% (type A IPN),
28.1% ± 1.8% (fish SN), and 20.8% ± 4.7% (fish IPN).
3.6. Cell Viability. To determine the effect of different

hydrogels on cell viability, cell proliferation was assessed using
the WST assay (Figure 7A). Cell proliferation improved after
synthesis of IPN hydrogels, but there was no significant
difference in cell proliferation in the case of type A and fish
IPN hydrogels during culturing for 5 days. Furthermore, except
for type A IPN hydrogels, all other hydrogels showed lower cell
viability compared with the negative control group after 3 days;
however, all groups presented similar or even higher cell
viability than the negative control group after culturing for 5
days. To observe the number of cells attached to the hydrogels
more clearly, fluorescent staining was performed according to
the manufacturer’s instructions after 5 days. All hydrogels

showed many cells adhered on the surface, and the cells were
mainly stained green (Figure 7B).

4. DISCUSSION

The SA/GelMA IPN hydrogels were prepared through three
cross-linking steps, as shown in Figure 2. Alginate contains
blocks of (1,4)-linked β-D-mannuronate (M) and α-L-
guluronate (G) residues; however, only the G-blocks can be
cross-linked with divalent cations to form hydrogels,30 and the
G-blocks of alginate in the IPN hydrogel system were cross-
linked by Ca2+ ions to form a single cross-link. Subsequently,
alginate and GelMA were intertwined together through the
formation of the imine bond, through the Schiff base reaction
between the aldehyde groups of the SA and the amine group of
GelMA, leading to dual cross-linking.39−41 Finally, GelMA was
formed by covalently cross-linked hydrogels under UV light
exposure in the presence of the photoinitiator, resulting in
triple-cross-linking. The presence of a stiff triple-cross-linked
network is the main reason why the SA/GelMA IPN hydrogels
showed far better physical properties than GelMA SN
hydrogels. Generally, the compressive modulus of GelMA
hydrogels depends on the molecular weight and cross-linking
density by the available cross-link groups. It has been reported
by Young that type A unmodified gelatin had more available
free amines than fish gelatin;42 therefore, the higher
compressive modulus was observed in the IPN hydrogel,
which has more cross-linking density synthesized by type A
gelatin. Furthermore, the influence of the DoF of GelMA on
the mechanical properties has been studied by many
researchers. Generally, GelMA with a high DoF shows some
excellent mechanical properties. For example, Nichol fab-
ricated a hydrogel for microscale tissue engineering using
GelMA,11 and the results showed that the physical properties
of fabricated GelMA hydrogels can be controlled by varying
the DoF, and the compressive modulus of GelMA hydrogels
was significantly higher with high (81.4 ± 0.4) DoF compared
to that with medium (53.8 ± 0.5) and low (19.7 ± 0.7) DoF.
To fabricate a strong hydrogel, type A and fish GelMA were
synthesized by a facile one-pot method to achieve a high DoF
in this study. The amount of methacrylamide groups,
methacrylate, and its byproduct (methacrylic acid) in GelMA
was determined by 1H NMR (Figure 3) to identify the DoF.
The DoF of A-GelMA (94%) was higher than that of F-GelMA

Figure 7. (A) The proliferation of MC3T3-E1 cells seeded on type A SN, fish SN, type A IPN, and fish IPN hydrogels for 3 and 5 days (N,
negative control group; P, positive control group; *P < 0.05, **P < 0.01, ***P < 0.001). (B) Fluorescence microscopy images of adhesion of
MC3T3-E1 cells on type A (a, b) and fish (c, d) SN and IPN hydrogels after 5 days.
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(86%) in this study, which is one of the reasons why type A
hydrogels are far stiffer than fish hydrogels.
The cross-sectional morphology of the hydrogels was

analyzed by SEM. The porous structure can be clearly
observed in the SEM images, and it has a significant effect
on the compressive properties of hydrogels.43,44 Generally, a
thinner network wall and lower polymer volume density is
found in hydrogels with large pore size, leading to low
mechanical strength.45 As shown in Figure 4, the pore size of
type A and fish IPN hydrogels was significantly decreased in
comparison with that in SN hydrogels, due to the addition of
alginate, and greatly increased cross-linking density because of
triple cross-linking. Hence, the IPN hydrogels were much
stronger than SN hydrogels. Figure 4Ag,h shows that the pores
of type A IPN hydrogels were smaller and denser than those of
the fish IPN hydrogels. The reason is also relative to the higher
cross-linking density and higher DoF of type A GelMA,46

which is the same as that of compressive modulus; therefore,
type A IPN hydrogels had a relatively higher modulus of
strength than fish IPN hydrogels (Figure 5b). The swelling
ratio test was performed to investigate the water retention of
hydrogels, and the swelling properties of hydrogels depend on
the hydrogel density of cross-linking, polymer chain stiffness,
polymer concentration, interaction with solvents, etc. As
shown in Figure 6a, the type A and fish IPN hydrogels had a
greater swelling ratio than SN hydrogels after immersion in
PBS for several weeks, due to the presence of the carboxylate
groups in alginate with a great hydrophilic character.47 A
significant difference between the swelling ratios of SN and
IPN hydrogels appeared in type A hydrogels after 14 days and
in fish hydrogels after 21 days. Type A and fish SN hydrogels
had similar swelling ratios after immersion in PBS for 21 days,
but after the addition of alginate, fish IPN hydrogels had a
higher swelling ratio than type A IPN hydrogels after 21 days,
because the pore size of the fish IPN hydrogels was larger than
that of the type A IPN hydrogels (Figure 4B-c,B-d).
Hydrogel has been studied as a biomaterial with applications

in tissue engineering, and its degradation rate needs to be
optimized according to the target tissue. Fast degradation, a
drawback of the GelMA single network hydrogel was overcome
by combining the advantageous characteristics of GelMA and
alginate to synthesize IPN hydrogels. As shown in Figure 6b,
the lifetime of type A and fish IPN hydrogels was longer than
that of the SN hydrogels because alginate led to a high cross-
linking density in the IPN hydrogel system. Furthermore, fish
IPN hydrogels had a relatively higher degradation rate than
type A IPN hydrogels because of their large and loose porous
structure.
Hydrogels have been used as biomaterials in various

applications, such as wound dressing, artificial vessels, and
tissue implants, which are directly in contact with tissue or
inserted into the body.48−50 Therefore, the cell compatibility of
hydrogels is crucial in tissue engineering.51,52 The effect of
different hydrogel materials on cell biocompatibility was
investigated in this study. According to the WST assay (Figure
7A), synthesizing type A and fish IPN hydrogels accelerated
cell proliferation due to the high swelling ratio of IPN
hydrogels, which greatly enables the transport of nutrients,
oxygen, and metabolites to the cell.53 An interesting
phenomenon can be found that cell viability was similar
between SN and IPN hydrogel after 5 days in the fish group;
the most plausible reason could be that the population of cells
in the fish SN group already reached a very high value after 5

days, so that there was a slight increase in cell proliferation in
the fish IPN hydrogel group compared with that in the fish SN
hydrogel group affected by contact inhibition between adjacent
cells caused by the high cell density.54 There was no significant
difference in cell proliferation between type A and fish IPN
hydrogels during culturing for 5 days. In addition, there was no
negative effect of hydrogels on cell viability after 5 days, which
indicated that the proliferation of cells was not inhibited by the
presence of hydrogels, although it showed a lower cell viability
than the negative control group on the third day of cell culture;
this phenomenon has also been observed in other studies.55

Furthermore, the high cell viability in all groups was also
evident in the fluorescence microscopy images (Figure 7B),
which indicated that the materials and processes of type A and
fish IPN hydrogel synthesis were free of obvious toxicity.
Although, the use of fish-derived GelMA has been studied

perviously,9,42,56 it is difficult to compare the properties of type
A and fish GelMA−alginate IPN hydrogels because the cross-
link conditions are quite different between each previous study.
This study compared the physical and biological performance
of type A and fish IPN hydrogels under the same conditions,
and the findings could serve as a reference for future studies
when selecting GelMA as a biological material for tissue
engineering.

5. CONCLUSIONS

In this study, we synthesized type A and fish IPN hydrogels
using alginate and GelMA, with GelMA single network
hydrogels as control. Type A and fish hydrogels were
compared in terms of the DoF, cross-sectional morphology,
compressive modulus, swelling ratio, degradation, and cell
compatibility, assuming fish type as one of the candidate
materials that can be used as an alternative to type A hydrogels.
The mechanical properties of type A and fish hydrogels

improved after the synthesis of IPN hydrogels by GelMA and
alginate. Fish IPN hydrogels showed a lower compressive
modulus, higher swelling ratio, and faster degradation than
type A IPN hydrogels, because of the larger pore size; however,
there was no difference between the two groups for 14 days in
swelling and degradation evaluation. In addition, there was a
positive effect of type A and fish hydrogels on cell viability after
5 days, indicating that the process of type A and fish IPN
hydrogel synthesis was free of obvious toxicity. Overall, the fish
IPN hydrogel also showed significant improvements in terms
of mechanical and physical properties and biocompatibility
compared to SN hydrogels.
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