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Abstract: Fish collagen peptide (FCP) is a water-soluble polymer with easy accessibility, bioactivity,
and reactivity due to its solubility. The gelation of FCP can be carried out by chemical crosslinking,
but the mechanical strength of FCP hydrogel is very low because of its intrinsically low molecular
weight. Therefore, the mechanical properties of FCP gel should be improved for its wider application
as a biomaterial. In this study, we investigated the mechanical properties of M-FCP gel in the context
of understanding the influence of chitin nanofibers (CHNFs) on FCP hydrogels. FCP with a number
average molecular weight (Mp) of ca. 5000 was reacted with glycidyl methacrylate (GMA) and
used for the preparation of photocrosslinked hydrogels. Subsequently, composite hydrogels of
methacrylate-modified FCP (M-FCP) and CHNF were prepared by the photoirradiation of a solution
of M-FCP containing dispersed CHNF at an intensity of ~60 mW/cm? for 450 s in the presence of
2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959) as a photoinitiator.
Compression and tensile tests of the FCP hydrogels were carried out using a universal tester. The
compression and tensile strength of the hydrogel increased 10-fold and 4-fold, respectively, by the
addition of 0.6% CHNF (20% M-FCP), and Young’s modulus increased 2.5-fold (20% M-FCP). The
highest compression strength of the M-FCP/CHNF hydrogel was ~300 kPa. Cell proliferation tests
using fibroblast cells revealed that the hydrogel with CHNF showed good cell compatibility. The cells
showed good adhesion on the M-FCP gel with CHNE, and the growth of fibroblast cells after 7 days
was higher on the M-FCP/CHNF gel than on the M-FCP gel without CHNF. In conclusion, we found
that CHNF improved the mechanical properties as well as the fibroblast cell compatibility, indicating
that M-FCP hydrogels reinforced with CHNF are useful as scaffolds and wound-dressing materials.
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1. Introduction

The world seafood market has been and still is being steadily developed due to tech-
nical developments in aquaculture and logistics [1]. Accordingly, increasing quantities
of byproducts, including trimmings, fins, frames, heads, skin, and viscera from fish and
shells from shellfish, are discarded by the fisheries industry [2]. To achieve sustainable
development, the maximum utilization of fisheries byproducts is very important. Large
quantities of chitin and collagen can be obtained from these byproducts. Fish collagen
peptide (FCP) and fish gelatin can be prepared from fish scales and fish skins as unused
bioresources. These polypeptides originate from collagen, which plays an important role
as a structural protein in vertebrate bodies. FCP is anticipated to be a useful biocom-
patible and biofunctional material, as the amino acid composition and partial sequence
are the same as those of collagen. Bioactive properties of FCP, such as antioxidant [3]
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and antihypertensive [4] properties, have been reported. Hong et al. [5] summarized the
methods used for the preparation and analysis of collagen peptides, together with a brief
statement about future perspectives. Morimura et al. [6] reported an effective process for
the extraction of collagen hydrolyzates (FCP) from fish bone and skin, and this FCP showed
significant antiradical activity and angiotensin-I-converting enzyme inhibitory activity,
with the potential for reducing blood pressure. Saito et al. [7] investigated the effect of FCP
from fish skins on the lipid profile in rats. They found that rat plasma triglycerides were
significantly decreased 2 h after the administration of FCP. Kobayashi et al. [8] assessed the
antioxidant effect of collagen peptides using electron spin resonance.

FCP is usually prepared by the enzymatic degradation of fish collagen to solubilize it,
and its chain is shorter than that of fish gelatin. The food processing industry generates
several types of FCP, with typical molecular weights ranging from 500 to 5000. FCP is easily
prepared, but its utility for self-standing biomaterials is somewhat highly skilled because
of its low molecular weight. Although biomaterials such as biodegradable wound-dressing
materials and implantable scaffolds for regenerative medicine are attractive potential
applications of FCP, its hydrogels exhibit low mechanical strength and very high brittleness
due to the low molecular weight of FCP. Furthermore, FCP is easily soluble in water at
room temperature, unlike gelatin from domestic animals, such as pigs and cows, and
does not gel, even when cool. Therefore, hydrogels prepared from FCP not only require
chemical or enzymatic crosslinking but also reinforcing materials. Wang et al. [9] prepared
electrospun nanofibrous membranes from FCP and chitooligosaccharides for a potential
application in dressing wounds. They used polyvinyl alcohol to enhance the fiber-forming
ability of the material. Zhang et al. [10] prepared composite hydrogels from carboxymethyl
chitosan (CMCS), FCP, and oxidized konjac glucomannan by a crosslinking reaction in
which amino groups of carboxymethyl chitosan reacted with aldehyde groups of oxidized
konjac glucomannan. FCP was bound to CMCS in advance using transglutaminase. Lu
et al. [11] developed gastric acid-responsive composite hydrogels of N-acetylcysteine-
grafted chitosan, tilapia collagen peptide, and alginate containing calcium carbonate. The
hydrogel was successfully formed in situ by the interaction between calcium ions and
alginate in the simulated gastric fluid.

In this study, we synthesized methacrylate-modified FCP (M-FCP) and crosslinked
M-ECP by ultraviolet (UV) irradiation in the presence of a photo-radical initiator to yield a
self-standing hydrogel. We focused on FCP due to the benefits of its valuable bioactivities,
such as its antioxidative [3,8] and antihypertensive [4,6] abilities, and its ability to promote
wound healing [12], repair cartilage [13], regenerate alveolar bone [14], and differentiate
adipose tissue-derived stromal cells [15]. Furthermore, its water solubility at room temper-
ature is very important to form the desired shape in a mold, without air bubbles. Despite
such advantages, however, no paper has been published regarding self-standing FCP-based
hydrogels from any group other than our laboratory, because the mechanical properties of
hydrogels prepared from FCP are very low due to the intrinsic low molecular weight of FCP.
We succeeded in their preparation using CHNF, and we report the remarkable improvement
in the mechanical properties by the addition of a very small amount of CHNEF. We achieved
this by using only marine resources as the objective of this study, as marine resources have
advantages in religious issues and when compared to materials from mammalian sources
with some potential diseases, such as bovine spongiform encephalopathy (BSE).

To improve the mechanical properties of hydrogels prepared from proteins or peptides,
many trials and investigations have been conducted using approaches other than crosslink-
ing. For example, composites with nano- or micro-filler materials have been reported,
such as carbon nanotubes [16], hydroxyapatites [17,18], imogolite [17], hydrotalcite [19],
poly(glycolic acid) [20], or cellulose nanomaterials [21,22], topological linking [23], double
networks with bacterial cellulose [24], hydroxypropyl methylcellulose [25] or pullulan
dialdehyde [26], and homogeneous networks [27]. In a review paper, Thakur et al. summa-
rized numerous research studies into gelatin hydrogel nanocomposites [28]. These trials
showed that composite hydrogels are easy to prepare with other materials and many types
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of hydrogels can be used. Even when limited to composites of hydrogels with organic
and inorganic fibrillar materials, many reports have been published [16,18,20-22]. We
have also reported that nanofibers such as imogolite [29] and microfibrillated cellulose [30]
were found to be effective in the mechanical enhancement of peptide hydrogels. How-
ever, most fibrillar materials used in previous studies were non-degradable in the human
body. Although poly(glycolic acid) [20] is biodegradable, the degradation product is an
acidic molecule that can elicit an inflammatory response if present in high concentrations.
Among the various types of fibers, since their preparation techniques were developed and
popularized, chitin nanofibers (CHNFs) have become attractive materials for biomaterial
applications. In 2004, Min et al. [31] reported an electrospun CHNF with an average di-
ameter of 110 nm. Since then, Zhao et al. [32] used an ultrasonic extraction technique to
obtain nanofibers from various natural materials, including chitin fibers. The diameter
of the nanofibers ranged from 30 to 120 nm. In a previous report by one of the authors
(S.1) [33], a successful and promising method for the mechanical preparation of CHNF
with a uniform width of 10 to 20 nm was developed using a special grinder. Salaberria
et al. [34] used a dynamic, high-pressure homogenizer for the same purpose, while Zhong
et al. [35] used the deposition method to obtain self-assembled fine CHNF from chitin
solutions in 1,1,1,3,3,3-hexafluoro-2-propanol or LiCl/N,N-dimethylformamide. There
have also been reports regarding chitin nanowhiskers, or nanocrystals. The preparation of
chitin crystalline particles was first reported by Marchessault et al. in 1959 [36]. The extrac-
tion process involved treatment with strong acid, causing partial deacetylation. Fan et al.
reported a new process for the preparation of chitin nanocrystals, by TEMPO-mediated
oxidation [37]. Kadokawa et al. [38] developed another new method to prepare chitin
nanowhiskers, using an allyl-modified ionic liquid. CHNF can be applied in a wide range
of fields, from transparent polymer composites [39] to tissue engineering [40].

As for the combination of CHNF and gelatin or collagen, Hassanzadeh et al. [41]
prepared high-performance composite hydrogels with a higher ratio of CHNF through the
self-assembly of CHNF in hexafluoro-2-propanol (HFIP) solvent. Chen et al. [42] also re-
ported a high-performance composite gel with a higher ratio of surface-deacetylated CHNF
with a unique crosslinking reagent. They used porcine skin gelatin and calf bone gelatin.
Ge et al. [43] used chitin whiskers to reinforce gelatin hydrogels derived from porcine
skin. Their collagen sources are different from our study, and minor differences exist in
the solvent used and the fiber ratios. In this study, we prepared photocrosslinked M-FCP
hydrogels reinforced by CHNF (Scheme 1) for application as a biomaterial, specifically for
wound-dressing materials and scaffolds for regenerative medicine. For medical applica-
tions, especially surgical operations, stand-alone hydrogel films of moderate toughness are
useful for rapid handling during operations. Therefore, we investigated the mechanical
properties of reinforced hydrogels as well as cell proliferation in these materials.
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Scheme 1. (A). Synthesis of M-FCP from FCP and GMA, and the reaction mechanism. (B). Pho-
topolymerization of M-FCP in the presence of CHNF and a photoinitiator to obtain M-FCP/CHNF
composite hydrogels.

2. Materials and Methods
2.1. Materials

Commercial grade FCP (Ixos HDL-50SP; M, ca. 5000 g/mol) was purchased from
Nitta Gelatin Co., Ltd. (Tokyo, Japan). Chitin nanofibers (CHNFs) were prepared from crab
shells by the nanofibrillation method, using a grinding machine, as described in a previous
report [34]. Organic solvents for the synthesis and purification of M-FCP were used as
received. For the synthesis of M-FCP, anhydride grade dimethylsulfoxide (DMSO) was used
as purchased from Merck KGaA as the Sigma-Aldrich brand (St. Louis, MO, USA). Glycidyl
methacrylate (GMA) and methanol were purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). 2-Ethyl-4-methylimidazole (EMI) was purchased from Tokyo Chemical Industry,
Co., Ltd. (Tokyo, Japan). Irgacure 2959 (2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-
1-propanone) was kindly provided by Ciba Specialty Chemicals K. K. (Now BASF Japan
Ltd., Tokyo, Japan) and used as received. For the gel preparation, ultra-pure water (electrical
resistance >18 MQ) cm 1) was obtained from a Millipore Direct-Q water purification system
(Merck KGaA, Darmstadt, Germany). 3T3 Swiss albino fibroblasts were distributed at
RIKEN Bioresource Research Center (Ibaraki, Japan). Dulbecco’s modified Eagle’s medium
(DMEM), a mixed penicillin/streptomycin solution (of 10,000 units/mL penicillin and
10,000 pg/mL streptomycin), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Fujifilm Wako Pure Chemical Co. (Osaka, Japan).

2.2. Synthesis of Methacrylate-Modified Fish Collagen Peptide (M-FCP)

M-FCP was synthesized according to our previously described method [29]. Twenty-
five grams of FCP were dissolved in 300 mL of anhydrous DMSO. To this solution, 2.4 g of
EMI was added, and then 84 mL of GMA was added dropwise. The solution was stirred
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at 28 £ 2 °C for 24 h. After the reaction, the solution was poured into 1.5 L of methanol,
and the mixture was stirred for 2 h. The mixture was filtered through filter paper. The
precipitate was washed with 1.5 L of methanol and then dissolved in 300 mL of water. After
lyophilization from the aqueous solution, a white, foam-like solid of M-FCP was obtained
(yield: 38%).

2.3. Preparation of M-FCP/CHNF Composite Hydrogel by Photoirradiation

The composite hydrogels of M-FCP with CHNF were prepared by photocrosslinking
with a radical photoinitiator. First, 0.96% CHNF dispersion was added to water and
sonicated for 30 s using a Branson Sonifier 250 ultrasonic homogenizer (Emerson Electric
Co., St. Louis, MO, USA). M-FCP and Irgacure 2959 were dissolved in the CHNF dispersion.
The final concentration of M-FCP in the solution was varied as 15 or 20 wt%, while that
of CHNF was varied as 0.2, 0.4, or 0.6 wt% (Table 1). The hydrogel samples were named
following this pattern: M-FCP15/CHNEFO.2 for a composite hydrogel fabricated from an
original solution containing 15 wt% M-FCP and 0.2 wt% CHNE. The final concentration of
Irgacure 2959 was 0.05 wt%. To prepare sample specimens for the compression test, the
solution was poured into a small Teflon sample vessel with an inner diameter of 10 mm and
a height of 20 mm, then degassed for 30 min under reduced pressure before UV irradiation.
To prepare the sample specimens for the tensile test, the solution was poured into a casting
mold prepared from two stacked 100 mm x 100 mm silicone plates with a thickness of
1 mm, one of which had several holes with dimensions of 5 mm x 40 mm. The solution
was degassed for 10 min under reduced pressure before UV irradiation. The solution was
irradiated with UV light (~60 mW /cm?) for 450 s using a SpotCure SP-7 UV lamp unit
(Ushio Inc., Tokyo, Japan) equipped with a homogeneous irradiation unit; the light was
passed through a glass plate to eliminate light of wavelengths less than 300 nm. The gel
samples for the compression test had a cylindrical shape with a diameter of 10 mm and a
thickness of 10 mm, and those for the tensile test had a width of 5 mm, a length of 40 mm,
and a thickness of 1 mm.

Table 1. Quantities of components for the preparation of M-FCP/CHNF composite hydrogels. The
percentage contents are provided in parentheses.

Sample Water M-FCP 0.96% CHNF Dispersion  Irgacure 2959
M-FCP15 845¢g 1.50 g (15%) - 0.05 g (0.5%)
M-FCP15/CHNF0.2 6.37 g 1.50 g (15%) 2.08 g (0.2%) 0.05 g (0.5%)
M-FCP15/CHNF0.4 428¢ 1.50 g (15%) 4.17 g (0.4%) 0.05 g (0.5%)
M-FCP15/CHNEFO.6 220g 1.50 g (15%) 6.25 g (0.6%) 0.05 g (0.5%)
M-FCP20 795¢g 2.00 g (20%) - 0.05 g (0.5%)
M-FCP20/CHNF0.2 587¢g 2.00 g (20%) 2.08 g (0.2%) 0.05 g (0.5%)
M-FCP20/CHNEFO0.4 375¢g 2.00 g (20%) 4.17 g (0.4%) 0.05 g (0.5%)
M-FCP20/CHNF0.6 170 g 2.00 g (20%) 6.25 g (0.6%) 0.05 g (0.5%)

2.4. Characterization

The reactants and the product were analyzed by nuclear magnetic resonance (NMR)
spectroscopy using an Avance III HD 400 MHz spectrometer (Bruker, Billerica, MA, USA).
In the measurement of 'H NMR of FCP and M-ECP, the number of scans was 128, and
deuterium oxide was used as a solvent, with sodium 3-(trimethylsilyl)propionate-2,2,3,3-dy
(TMSP) as an internal chemical-shift standard. In the measurement of 'H NMR of GMA,
the number of scans was 16, and DMSO-dy was used as a solvent, with tetramethylsilane
(TMS) as an internal chemical-shift standard. For the general procedure, ca. 10 mg of
each sample was dissolved in 600 pL of the corresponding solvent, and the solution was
measured in a glass sample tube with a diameter of 5 mm.

The infrared (IR) spectra of the reactants and the products were recorded on a Shi-
madzu FT-IR 8400S spectrometer (Shimadzu Co., Kyoto, Japan), using the KBr-pellet
method with a wavelength region of 400-4000 cm~!. The number of scans was 50. A solid
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sample was mixed with excess KBr and ground using an agate mortar and pestle. The
sample pellet was pressed with a hand press machine. A liquid sample was dissolved
in chloroform at a concentration of 1 mg/mL, and 5 pL of the solution was cast on the
KBr pellet.

The mechanical properties of the hydrogel products were analyzed by a compression
test and a tensile test. These tests were carried out using a Shimadzu EZ-S tabletop
universal tester equipped with a 100-N load cell (Kyoto, Japan). The crosshead speed
for the compression test was 1 mm/min, while that for the tensile test was 10 mm/min.
Five specimens were used for each sample condition, and average and standard deviation
values were calculated. Data are expressed as the average =+ the standard deviation.

The morphology of the lyophilized gel was observed using a Hitachi 5-4700 field
emission scanning electron microscope (FE-SEM) (Tokyo, Japan). The cross-sectional
surface of lyophilized gel was observed at the accelerating voltage of 2 kV after coating
with gold using a Hitachi gold ion sputter.

2.5. Cell Proliferation Assay

The cell proliferation assay on the hydrogel thin films was carried out according to
our previously described method [30]. The thin films of hydrogel were prepared on round-
shaped glass coverslips (No. 1, Matsunami Glass Ind. Ltd., Osaka, Japan) with a diameter
of 15 mm by the dip-coating method, followed by UV irradiation to crosslink M-FCP. The
solution used in the dip-coating method was the same as used in the preparation of the
corresponding hydrogel. After crosslinking, the coverslips were irradiated with UV light
and placed into a 24-well polystyrene culture plate. The culture plate was sealed with a
polyester sealing film and sterilized with 10 kGy y-ray irradiation, which was conducted
by Koga Isotope, Ltd. (Shiga, Japan). After washing the films on the coverslips with
phosphate-buffered saline (PBS) and DMEM, 3T3 Swiss albino fibroblasts were seeded
on the films at a concentration of 5 x 10% cells/mL, with 300 uL of DMEM containing 1%
penicillin/streptomycin and 10% fetal bovine serum (FBS) (J R Scientific, Inc., Woodland,
CA, USA). Cells were incubated at 37 °C with 5% CO, in a CO, incubator (Astec Co., Ltd.,
Fukuoka, Japan). Cell proliferation was assayed by the conventional MTT method. In the
procedure, 300 uL of 1.0 mg/mL MTT solution was added to the cells on each sample
after growth and incubated at 37 °C for 90 min in the CO, incubator. After the incubation,
the sample was washed with 300 uL of PBS, and 300 pL of cell lysis solution (10% NP-40,
polyoxyethylene (9) octylphenyl ether) was added to the sample. The absorbance of the
solution at 570 nm was recorded on an iMark microplate reader (Bio-Rad, Hercules, CA,
USA) after sufficient pipetting. The cell morphology was observed using a Carl-Zeiss Axio
Vert. Al phase-contrast microscope (Carl-Zeiss AG, Oberkochen, Germany). We used an
image analysis method with Image] image processing software (open-source, developed at
NIH) to check the circularity of cells. At least 30 cells after 3-day culture are analyzed for
each sample.

2.6. Statistical Analysis

Mechanical property data and cell proliferation data are presented as mean =+ standard
deviation. Experiments to determine mechanical properties were repeated at least five
times, and experiments to determine cell proliferation were repeated in triplicate. Statisti-
cal significance was determined using Welch'’s t-distribution for assessing the difference
between the two sample means. Because SD values for the compression strength were very
high, we checked the normality with the Kolmogorov-Smirnov test and the Shapiro-Wilks
test as a normality test using R software (an open-source language for statistical analysis
supported by the R Foundation for Statistical Computing). As a result, it was found that all
data retained normality.
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3. Results and Discussion
3.1. Synthesis of Methacrylate-Modified Collagen Peptide (M-FCP)

FCP was easily dissolved in DMSO due to its relatively low molecular weight, and the
reaction and subsequent purification were carried out smoothly (compared with gelatin).
Figures S1 and S2 show the IR and NMR spectra of M-FCDP, respectively (see the supple-
mentary information). The synthesis of M-FCP was successful, and the NMR spectrum
was consistent with our previous report [29]. The degree of modification of the amino
groups was 51% when calculated from the NMR spectrum with the hypothesis that each
amino group of all lysine residues can react with two molecules of GMA. On average,
therefore, one methacrylate group was attached to each lysine residue of FCP. The product
maintained good water solubility at room temperature and did not gel by simply cooling
the solution.

3.2. Preparation of M-FCP/CHNF Composite Hydrogels by Photocrosslinking

M-FCP was dissolved in water and photoirradiated in the presence of a radical pho-
toinitiator. The solution containing CHNF was translucent before crosslinking, while the
solution without CHNF was transparent. This was due to the existence of small bundles
of CHNF and the difference in the refractive indexes of the M-FCP solution and CHNF.
Photoirradiation for 450 s was sufficient to obtain solid gels for all samples with a CHNF
concentration between 0 and 0.6 wt%, even when the UV light was irradiated only from
the top of the solution with a height of 1 cm. Figure 1 shows photographs of the M-FCP20
hydrogels with and without CHNF. Although transparency was slightly decreased with an
increase in CHNF concentration, the light was not blocked by this slight turbidity. Further-
more, this slight turbidity remained homogeneous and unchanged during photoirradiation,
implying the fine dispersion of CHNF in the gel as well as in the solution. Though the
turbidity depends on the content of CHNF in the gel, all of our hydrogels did not prevent
the observation of cell morphologies using a conventional optical microscope. Figure 2
shows the morphologies of the lyophilized M-FCP20 hydrogels observed with FE-SEM. All
lyophilized gels had a porous morphology, with pores of around 10 pm in size. The pore
size of the lyophilized hydrogels was distributed from 3 to 20 um, which did not change
significantly with CHNF content. The pore size was originally the size of the ice crystals
that grew during freezing in the first step of lyophilization. Based on our further considera-
tion, the pore size of the ice crystals depended upon the concentration and heterogeneity of
fillers. The interconnectivity of these pores was not observed. Rizwan et al. reported that
the physical crosslinking of the photocrosslinkable gelatin gel by cooling at 4 °C showed
smaller pores than without physical crosslinking [44]. Though rigid crosslinking can make
the pore smaller, especially at the higher concentration of gelatin, such morphology change
was not observed in our composite gel by the addition of a low concentration of CHNF.
Though the reason has not been fully accounted for, the result implies that the interaction
between CHNF and M-FCP was not so rigid but flexible, possibly due to the low concen-
tration of CHNEF. Therefore, CHNF did not affect the pore size. In our composite gels, the
CHNF content did not affect the growth of ice crystals because of its very small size, low
concentration, and relatively good dispersion. The fibrous morphology on the pore wall
was not observed at this magnification.
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(a) M-FCP20 (b) M-FCP20/CHNFO0.2

(d) M-FCP20/CHNFO0.6

Figure 1. Digital photographs of composite hydrogels of M-FCP and CHNF: (a) M-FCP20, (b) M-
FCP20/CHNEFO.2, (c) M-FCP20/CHNEF0.4, and (d) M-FCP20/CHNEFO.6. The scale bar represents 10 mm.

(a) M-FCP20

o M

(b) M-FCP20/CHNF0.2
e P ;

Figure 2. Morphologies of lyophilized composite gels observed with FE-SEM: (a) M-FCP20, (b) M-
FCP20/CHNEFO0.2, (c) M-FCP20/CHNEFO0.4, and (d) M-FCP20/CHNEFO.6. The scale bar represents 50 um.

3.3. Mechanical Properties of M-FCP/CHNF Composite Hydrogels

The mechanical properties of the composite hydrogels were investigated using a
compression test. The test was carried out at both concentrations of 15 and 20 wt% for
M-FCP, while the concentration of CHNF was varied from 0 to 0.6 wt%. Figure 3a,b show
the typical stress—strain curves for the compression test of the hydrogels with an M-FCP
concentration of 15 and 20 wt%, respectively. Figure 3c,d summarize the mechanical
properties from the compression test of the hydrogels with an M-FCP concentration of 15
and 20 wt%, respectively. The mechanical properties were significantly improved by the
addition of CHNF (p < 0.05), and the gel strength, i.e., the stress at break, increased with an
increase in CHNF content. Although the strain at break slightly increased with the addition
of CHNF, the CHNF content did not influence the strain at break under conditions of CHNF
content of more than 0.2 wt%. In a comparison of 15 wt% M-FCP hydrogels with 20 wt%
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M-FCP hydrogels, the strength of 20 wt% hydrogels was significantly higher than that of
15 wt% hydrogels at each content of CHNF (p < 0.05 for CHNF 0.2 and 0.4 wt%). However,
the strain at break of 20 wt% hydrogels was lower than that of 15 wt% hydrogels (p < 0.05
for CHNF 0.2, 0.4, and 0.6 wt%). These results were attributed to the reinforcing effect of
the CHNEF and the intrinsic brittleness of hydrogel that was enhanced by the increase in
the polymer density. A similar tendency of this brittleness was observed in our previous
study of crosslinked fish gelatin [29]. The error bars show the standard deviations (SDs)
of each condition. The error bars in Figure 3 indicated the existence of a very large SD
in the compression strength of 20% M-FCP with a higher content of CHNFE. We consider
that these large SDs had two causes. First, the compression stress rapidly increased with
the increase in strain, especially in the region of strain over 50%. Second, the hydrogels
with higher CHNF content may have had intrinsic inhomogeneity, which could have been
caused by an insufficient dispersion of CHNF.

(a) M-FCP 15% (b) M-FCP 20%

400 400
CHNF0.6
300 | 300 |
g g
~ 200 | < 200 CHNF0.4
g CHNFO.6 2 CHNF0.2
=] CHNF0.4 £
n 7]
100 CHNF0.2 100
_4: without CHNF without CHNF
0 * : 0 — .
0 20 40 60 80 100 0 20 40 60 30 100

Strain (%) Strain (%)
(c) M-FCP 15% (d) M-FCP 20%

400 100 400

= Compressive strength (kPa) Strain at break (%)
r - = X ‘
1 80
300 I‘ ‘1 . 300 t
I 1 60

1 40

100

 Compressive strength (kPa) Strain at break (%)

!

80

—
L
=N
S

200 r 200 -

(%) urens

(%) ureng
Strength (kPa)

!

40

Strength (kPa)

100 r 100+

\ L 4 7 |

M-FCP15 M-FCP15/ M-FCP15/ M-FCP15/ 0 M-FCP20 M-FCP20/ M-FCP20/ M-FCP20/ 0

CHNF0.2 CHNF0.4 CHNF0.6 CHNF0.2 CHNF0.4 CHNF0.6

1 20 1 20

%
%

N\

MM

NN\
NN\ iy

Figure 3. Stress—strain curves of M-FCP/CHNF composite hydrogels in the compression test ((a) M-
FCP15 series and (b) M-FCP20 series). CHNF content was varied from 0 to 0.6%. The compression
properties are summarized in the graphs ((c) M-FCP15 series and (d) M-FCP20 series). The columns
represent mean values, and the error bars represent standard deviations (1 = 5). The strength of the
M-FCP/CHNF composite hydrogels was higher than that of the M-FCP hydrogels without CHNF at
any CHNF content. Statistical significance was indicated by p < 0.05 ().

To verify the large error in the compression test of the hydrogels with higher CHNF
content, we also investigated the tensile properties of the hydrogels. Figure 4a,b show the
typical stress—strain curves for the tensile test of the hydrogels with 15 and 20 wt% M-FCP,
respectively. Figure 4c,d summarize the mechanical properties for the tensile test of the
hydrogels with 15 and 20 wt% M-FCP, respectively. The results revealed that the tensile
properties of M-FCP hydrogels were also significantly reinforced by CHNEF (p < 0.05). In
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contrast to the results of the compression tests, the strain at break (elongation) was increased
by the presence of CHNEF. This improvement of the elongation property is attributed to
the reinforcement along the fiber axis of CHNF due to the interaction between M-FCP
and CHNEF. This improvement in the elongation property was also previously reported
for microfibrillated cellulose-reinforced elastin peptide hydrogels [30]. From the results
for M-FCP15, we observed a peak in the tensile strength at a CHNF content of 0.4%. The
tensile strength and the strain at break of M-FCP15/CHNEFO.6 were significantly lower than
those of M-FCP15/CHNF0.4 (p < 0.05), although Young’s modulus of M-FCP15/CHNEF0.6
was slightly higher than that of M-FCP15/CHNEFO0.4 (but not significantly). This result
was considered to be due to the non-homogeneity of CHNF in the M-FCP15/CHNF0.6
samples. From the results for M-FCP20, we observed a plateau in the tensile strength at
CHNEF contents of 0.2 to 0.4%. This plateau implied the non-homogeneity of CHNF in
the M-FCP20/CHNFO0.4 samples. However, a significant improvement in these properties
was observed in M-FCP20/CHNEFO0.6 (p < 0.05). We assumed that this improvement in
M-FCP20/CHNEFO0.6 could be explained by the increase in the viscosity of the liquid at
the mixing step, before crosslinking. It is considered that higher shear stress is applied to
nanofibers in a more viscous liquid at the mixing step.
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Figure 4. Stress—strain curves of M-FCP/CHNF composite hydrogels in the tensile test ((a) M-FCP15
series and (b) M-FCP20 series). The CHNF content was varied from 0 to 0.6%. The tensile properties
are summarized in the graphs ((c) M-FCP15 series and (d) M-FCP20 series). The columns represent
mean values, and the error bars represent standard deviations (1 = 5). The strength of M-FCP/CHNF
composite hydrogels was significantly higher than that of the M-FCP hydrogels without CHNF at
any CHNF content. Statistical significance was indicated by p < 0.05 ().

As previously described in the Introduction section, Hassanzadeh et al. [41] and Chen
et al. [42] reported high-performance composite hydrogels with a higher ratio of CHNF.
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Although these two groups reported very high mechanical properties for their composite
gels, we cannot compare our M-FCP hydrogels with their hydrogel composites because of
the enormous difference in the CHNF contents and the molecular weight of the protein. Ge
et al. [43] used chitin whiskers to reinforce gelatin hydrogels derived from porcine skin.
Their hydrogels were weaker than our hydrogels in the compression test, perhaps due to
the absence of chemical crosslinking.

3.4. Cell Proliferation on M-FCP/CHNF Composite Hydrogels

3T3 Swiss albino fibroblasts were seeded on glass coverslips covered with M-FCP
hydrogel or M-FCP/CHNEF hydrogel. Following incubation for a prescribed time, cell
morphologies and growth were observed under a microscope. Figure 5 shows images of the
results of the microscopy observations. Cells proliferated on both hydrogels, and the cell
morphologies were the same as those of fibroblasts with good adhesion and proliferation
reported previously [45]. We checked the circularity of cells and found that the average
circularity of cells on M-FCP/CHMF (0.514 + 0.202) was significantly lower than that of
cells on glass (0.638 & 0.163) (p < 0.05). The circularity of cells is one of the indicators of
cell spreading via adhesion [46]. A lower value implies good adhesion. Figure 6 shows the
results of the MTT assay, to quantitatively express the proliferation of cells [47]. According
to the results of the MTT assay, we observed as much cell growth on M-FCP as on the
tissue culture polystyrene. There was slightly more growth on the M-FCP/CHNF hydrogel
in comparison with the growth on the M-FCP hydrogel (p < 0.05). This effect was due
to the presence of CHNE, which is reported to promote the growth of vascular cells [41],
keratinocytes [48], fibroblasts [48-50], myoblasts [51], and osteoblasts [51,52]. We consider
the intrinsic reason for this effect may be attributed to the enhancement of the stiffness of the
hydrogel. It is known that fibroblasts show good adhesion with extensive morphology on
a harder surface [53-55]. As revealed by the results shown in Figure 4b, the increase in the
modulus obviously follows the addition of CHNE. Furthermore, considering the small vicinal
region around nanofibers from a microscopic viewpoint, the micro-regional modulus was
thought to be higher than that of the bulk material that we measured in the tensile test, and
cells could detect this micro-regional modulus because of their small size. Many researchers
have noted the influence of nanofibers on the growth of fibroblasts [56-58]. According to our
results, the composite materials produced only from marine resources can be applied as a
biodegradable scaffold for use in regenerative medicine such as wound-dressing materials.

(a) TCPS (b) Glass

2
=

Figure 5. Microscopy images of fibroblasts grown on each sample for 5 days: (a) tissue culture polystyrene
(TCPS), (b) glass coverslips washed with acid (Glass), (c) M-FCP20, and (d) M-FCP20/CHNEFO0.4.
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Figure 6. MTT assay of fibroblast growth on tissue culture polystyrene (TCPS), glass coverslips
washed with acid (Glass), M-FCP20, and M-FCP20/CHNEFO0.4. The columns represent mean values,
and the error bars represent standard deviations (n = 3). Statistical significance was indicated by
p <0.05 ().

4. Conclusions

We prepared CHNF-reinforced FCP hydrogels by photocrosslinking at methacrylate
groups chemically attached to FCP. We observed the homogeneous, porous morphology
of the lyophilized hydrogels by FE-SEM. These observations revealed that there was no
aggregation of CHNF at the micrometer level. The mechanical tests revealed that the
compression and tensile properties of the FCP hydrogel were remarkably improved. The
tensile strength and modulus increased with an increase in CHNF content. In the cell
culture assay, fibroblasts proliferated well on the CHNF-reinforced FCP hydrogel, which
implies that the hydrogel we developed in our study, using only marine resources, is a
good candidate for scaffold material for fibroblasts in connective tissues.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym15030682/s1, Figure S1: IR spectrum of M-FCP, Figure S2: NMR spectrum of M-FCP,
Figure S3: NMR spectrum of M-FCP in D20, Figure S4: NMR spectrum of FCP in D20, Figure S5:
NMR spectrum of GMA in DMSO-d6, Figure S6: Digital photographs of composite hydrogels
of M-FCP and CHNEF: (a) M-FCP20, (b) M-FCP20/CHNFO0.2, (c) M-FCP20/CHNF0.4, and (d) M-
FCP20/CHNEFO.6 for the tensile test. The scale bar represents 10 mm and Table S1: Circularity of cells
on each sample calculated using an Image] software.
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