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ARTICLE INFO ABSTRACT
Keywords: Gelatine hydrogels exhibit potential as biomaterials such as wound-healing materials, artificial
Silk fibroin nanofiber organs, scaffolds for cell culture and drug delivery systems because of their good biocompati-
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bility. However, their practical applications are limited by their poor mechanical properties and
high degradability. In this study, mechanically fibrillated silk fibroin (fibroin nanofibers; FNF)
was used to reinforce gelatine hydrogels. The resulting gelatine hydrogels with FNF exhibited
enhanced toughness compared to those reinforced with conventional aqueous regenerated fibroin
(RF), which were prepared by treatment with a highly concentrated LiBr solvent or a neat gelatine
hydrogel while retaining their softness. The average pore size of the gelatine hydrogel was 2.2
pm, while the gelatine hydrogel containing 25 % FNF expanded to 6.7 pm. A web-like network
was formed between the pores. The addition of FNF increased the relative -sheet contents in the
hydrogels to 60.3 %, suggesting that this may have caused structural changes such as increased
crystallinity for gelatine-derived proteins. Furthermore, the addition of FNF inhibited the rapid
enzymatic degradation of gelatine hydrogels. FNF, which can be easily prepared in water, is a safe
material for both the environment and living organisms and holds promise as a biomaterial in the
future.

1. Introduction

Gelatine hydrogels hold potential as biomaterials for applications such as wound-healing materials, artificial organs, scaffolds for
cell culture and drug delivery systems, owing to their high biocompatibility. However, their practical applications are limited by their
low mechanical strength and high degradability [1]. Consequently, extensive research has been conducted to improve the properties of
gelatine hydrogels via crosslinking or compositing with other polymers [1-4]. In particular, polysaccharide-reinforced hydrogels have
been widely reported, demonstrating that strong hydrogels can be obtained by compositing with bacterial cellulose (BC) and nano-
cellulose [5-7]. Despite their effectiveness as cell culture substrates and wound dressings in vitro, these polysaccharide-reinforced gels
may pose compatibility issues for in vivo use as the human body lacks cellulolytic enzymes [8]. Therefore, a reinforcing material with
higher biological safety is needed for in vivo applications.

Fibroin, a fibrous protein, is the main component of silkworm cocoons. Owing to its toughness and biocompatibility, fibroin has
previously been complexed with gelatine [9-12]. For complexation with gelatine, fibroin fibres must be dissolved in a solvent. Because
fibroin is not soluble in water, highly concentrated salt solvents such as lithium bromide are generally utilised. This necessitates a
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desalting dialysis process to eliminate toxicity, which is time-consuming and requires substantial amounts of water.

Recently, we have successfully produced mechanically fibrillated fibroin, i.e., fibroin nanofiber (FNF) aqueous dispersions, via
mechanical treatment using only water [13]. This technique allows fibroin fibres to be dispersed in water without undergoing
dissolution and regeneration processes [14]. FNFs maintain their native crystal and f-sheet structures and exhibit excellent mechanical
properties and heat resistance [14-17]. Given these properties, water-dispersed FNF may be effective in reinforcing water-containing
hydrogels. In this study, we aimed to reinforce gelatine hydrogels with FNFs.

2. Materials and methods

An aqueous dispersion of FNFs was prepared from degummed fibroin (provided by Nagasuna Mayu Inc., Kyoto, Japan) by grinding
with water as described previously [13]. Briefly, degummed fibroin and water were passed four times through a grinder (MKCA6-3,
Masko Sangyo Co., Japan) at 1500 rpm with grinding stones (NKGC6-120, Masko). The resultant FNFs, dispersed in water, were
referred to as the FNF aqueous dispersion. The diameters of the obtained FNFs ranged from 60 to 150 nm, as previously reported [13,
14]. As a control, aqueous RF solutions were obtained using a 9 M lithium bromide solution and subsequently subjected to desalting
dialysis [18]. Degummed fibroin was dissolved in the 9 M lithium bromide solution and dialyzed in running water for 3 d to desalinate.
The resulting RF solution was clear and light yellow. Gelatine powder was added to the FNF aqueous dispersion or RF solution and
stirred at 1000 rpm for 1 h at 55 °C. After stirring, the solution was thoroughly mixed using an ultrasonicator at 750 W and 20 kHz for 1
min. The utilised fibroin/gelatine (w/w) ratios were 0/100 (G100), 5/95 (F5G95), 10/90 (F10G90), 15/85 (F15G85), 20/80
(F20G80), and 25/75 (F25G75). Since uncross-linked gelatine hydrogel is sensitive to temperature changes and softens even at room
temperature, physical property tests cannot be accurately used for comparing reinforcement effects. Therefore, glutaraldehyde
cross-linking was used in this study. Glutaraldehyde, a 5-carbon aliphatic molecule with aldehyde groups at both ends, is widely used
as a cross-linker for collagen or gelatine because of its high reactivity and high solubility in aqueous solutions, despite concerns about
its toxicity and that of other chemical cross-linkers [19]. It was chosen for this study because it facilitates the comparison of the
reinforcing effects of FNF and RF. Glutaraldehyde was added as a cross-linking agent to the fibroin/gelatine mixture at a concentration
of 0.8 mmol per 1 g of protein and then stirred at 150 rpm for 40 s. The produced hydrogel was left to stand overnight in a refrigerator
at 3 °C.

Morphological observations were performed using a Hitachi S-3400N scanning electron microscopy (SEM) at 10 kV. The gels were
frozen in liquid nitrogen and lyophilized to minimize changes in pore size due to ice crystal growth. The image obtained from SEM
observation was binarized using ImageJ, an image processing open-source software, to obtain the area of the pore area, and then the
diameter was calculated assuming that the pores were circular. Fifteen pore diameters were obtained for each sample, and the average
was calculated. Fourier-transform (FTIR) spectroscopy was used to analyse the secondary structures in the attenuated total reflection
mode by conducting 32 scans with a resolution of 4 cm ™! (Spectrum One, Parkin Elmer Japan G.K.). Fourier self-deconvolution was
performed by fitting the amide I peak with a Gaussian function, and the g-sheet fraction was calculated as described elsewhere [20,21].
The mechanical properties of the fabricated hydrogels were determined via compression testing with the elastic modulus calculated
using a creep metre at a compression rate of 0.05 mm/s, a relative humidity of 90 %, and 15 repetitions (RE-3305s; Yamaden Co., Ltd.).
The rupture strength and strain were calculated using a universal testing machine at a compression rate of 60 mm/min, a maximum
compression distance of 9 mm, and eight repetitions (EZ-SX: Shimadzu).

The swelling ratio of each hydrogel was calculated by measuring the ratio of the weight after immersion in phosphate-buffered
saline (PBS) to the weight after drying. Hydrogels measuring 1 cm? were prepared, completely immersed in pH 7.4 PBS, and
placed in a refrigerator at 6 °C for 24 h. After removal from the PBS, the PBS on the surface was wiped off, and the hydrogel was
weighed to determine the swollen weight (W;). The swollen hydrogels were then lyophilized and weighed again to determine the dry
weight (Wy). Ten hydrogels were prepared for each condition and measured. The degree of swelling was calculated from the values of
W; and Wy according to the following formula:

Ws — Wy

W (€Y

Swelling ratio =
In vitro biodegradation studies of G100, FNF-F15G85, and RF-F15G85 were performed according to a previously established protocol
with slight modifications [21]. Pre-weighted hydrogel samples cut into 5 mm cubes were incubated with 157.2 mg of protease
(Streptomyces griseus-Type XIV, P5147, 5.3 u/mg: Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and 0.88 pg of collagenase
(Collagenase Type 2, CLS2, 260 u/mg: Worthington Biochemical Corporation, NJ, USA) with or without 1 mL of PBS at 37 °C. The

samples were removed from the enzyme solution at specific time intervals, washed with distilled water, lyophilized, and weighed. The
degree of biodegradation was determined via the following equation:

W, x R
Degradation ratio (%) = (1 —%) x 100 2)

where W; is the dry weight of the hydrogel after the enzymatic treatment. W; is the wet weight of the hydrogel before the enzymatic

treatment. Ryq is the wet/dry hydrogel ratio calculated as follows:

Wet weight of hydrogel without enzymatic treatment
Dry weight of hydrogel without enzymatic treatment

wet / dry ratio = 3
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3. Results and discussions

The SEM images of the cut cross-sections and the average pore size of the obtained gels are shown in Figs. 1 and 2. In the FNF-
gelatine samples, a web-like network was formed between the pores. This network structure expanded with an increasing FNF
amount up to 15 wt% (Fig. 1a and b), whereas FNF-F20G80 and FNF-F25G75 were similar to FNF-F15G75 (Fig. 1c—e). A previous
study reported that web-like network structures were formed via glutaraldehyde cross-linking in silk gels prepared using an RF solution
[20]. In this study, fine network structures were observed in RF-F10G90 and RF-F20/G80 (Fig. 1i and j), but not in RF-F25G75
(Fig. 1k). Meanwhile, a clear network structure was formed in FNF-F25G75 (Fig. le and f). Notably, FNFs are not soluble in water
but exist in a dispersed state, which indicates that FNFs maintained their nanofiber shape in the prepared gels. The average pore size of
G100 was 2.2 pm. The pore size increased with an increasing fibroin addition rate, regardless of FNF or RF. It has been reported that as
the gelatine concentration in the composite increases, more lamellar structural layers form, resulting in smaller pore sizes [22,23]. In
this study, the addition of FNF and RF reduced the amount of gelatine in the composite hydrogel, likely resulting in a larger pore
diameter. Moreover, the pore sizes of the FNF—gelatine samples, e.g., 6.7 pm for FNF-F25G75, were larger than those of the
RF-gelatine gels; for example, RF-F25G75 had a pore size of 5.2 pm (Fig. 2). The FNF maintained its nanofiber shape and formed a
network structure in the gel, which may have contributed to the difference in pore sizes. These results reveal that the pore size varied
with the addition of fibroin, indicating that the scaffold pore size can be modulated by fibroin addition. The range of pore sizes suitable
for different types of cellular activities varies significantly [24]. Therefore, gelatine hydrogels for specific cell differentiation can be
prepared from fibroin—gelatine gels.

The results of FTIR analyses of the prepared gels are shown in Fig. 3. For the protein material, characteristic vibrational bands are
observed at 1650 cm ™! for amide I due to C=0 stretching, at 1550 cm ™" for amide II due to C—N-H stretching, and at 1400—1200 cm ™
for amide III due to N—H bending [25]. The positions of these peaks obtained for the gelatine gels prepared in this study differ
considerably (Fig. 3a). The relative percentages of -sheets were calculated from the areas of the -sheet bands (at approximately 1630
em™!) in the amide I region (Fig. 3b and c). For the FNF-gelatine gels, the peak areas derived from the f-sheet structures are

Fig. 1. SEM images of the dry hydrogel cross-sections: (a) FNF-F5G95, (b) FNF-F10G90, (c) FNF-F15G85, (d) FNF-F20G80, (e) FNF-F25G75, (f)
FNF-F25G75 (enlarged), (g) RF-F5G95, (h) RF-F10G90, (i) RF-F15G85, (j) RF-F20G80, (k) RF-F25G75, and (1) G100.
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Fig. 2. Average pore size of the dry hydrogel cross-sections. Error bars show standard deviations.
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Fig. 3. (a) Typical FTIR spectra of the dried G100, FNF—gelatine, and RF-gelatin hydrogels. Fourier self-deconvolution of the amide I region for
calculating the relative f-sheet contents in (b) FNF-gelatine and (c) RF—gelatine. (d) Relative contents of f-sheets in the dried hydrogels.

significantly larger than those of the RF—gelatine gels, and the fraction of #-sheets increased with increasing FNF content. This suggests
that the addition of FNF changed the structural properties of the gelatine-derived proteins, such as their crystallinity. Gelatine nor-
mally forms a triple-helix structure upon gelation; however, it has been reported that a g-sheet structure can also form under certain
conditions. Sakai et al. found that the elasticity of gelatine gels increased approximately 10-fold when gelatine gelation occurred in a
micro-sized lipid space. Furthermore, they found that smaller microgels contained more f-sheet structures than the normal bulk gel,
which made the gels stiffer [26]. In this study, complexation with FNF may have induced the formation of -sheet structures in gelatine
gels. Meanwhile, for the RF—gelatine samples, the fractions of -sheets did not change significantly after increasing the RF amount,
suggesting that RF did not promote gel crystallization.

The results of the compression tests conducted on the prepared gels are shown in Fig. 4. The fracture strength and strain of the
FNF—gelatine gels are higher than those of neat G100 (Fig. 4a) and increase with an increase in the FNF addition rate from 5 to 15 wt%
(Fig. 4b). In the FNF-gelatine hydrogels, the interactions between nanofibers or between nanofibers and gelatine likely formed a
network structure, inhibiting the growth of microcracks in gelatine hydrogels and thus increasing their compressive strength. In
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Fig. 4. (a) Typical stress—strain curves recorded during the compression tests conducted for the G100, FNF—gelatine, and RF—gelatine hydrogels.
(b) Fracture strengths, (c) fracture strains, and (d) elastic moduli of various hydrogels. Error bars show standard deviations.

contrast, the stress and strain of the gels with 15, 20, and 25 wt% FNF remained stable. SEM observations also revealed that these gels
had similar structures, suggesting that FNFs did not contribute to the gel strength improvement at contents greater than 15 wt% owing
to inhomogeneous aggregation [4]. For the RF-gelatine samples, increasing the added fibroin amount did not improve the compressive
strength and strain as significantly as for the FNF-gelatine samples. According to the obtained SEM images, the RF network structure
was smaller than that of FNFs, which may explain the absence of a reinforcement effect. Meanwhile, the elastic modulus of the
FNF—gelatine hydrogels remained almost unchanged, whereas that of the RF—gelatine hydrogels increased with the addition of more
than 20 % fibroin (Fig. 4c). Therefore, FNF increased the hydrogel’s toughness while maintaining its softness.

The results of the swelling ratio of each gel are shown in Fig. 5. In this study, both FNF and RF had little effect on the swelling ratio,
although previous reports indicate that complexing SF with hydrophobic $-sheet domains reduces the degree of gelatine swelling
[27-29]. One possible reason for this discrepancy might be that the glutaraldehyde cross-linking had already reduced the degree of
swelling of the gelatine. Glutaraldehyde crosslinking is known to induce a significant reduction in swelling [30]. Hydrogels prepared
by other crosslinking methods, such as genipin, enzymes, and photocrosslinkable crosslinking, may exhibit similar effects on the
degree of swelling as previously reported.

The gel degradation rates are shown in Fig. 6. The sample without fibroin was almost completely degraded in 24 h, whereas the
sample containing 15 wt% fibroin retained more than 50 % of its original content even after 24 h. Although gelatine hydrogels exhibit
good biodegradability, they degrade too quickly for some applications, such as scaffolds and drug delivery systems; therefore, their
degradation time must be properly controlled. The biodegradation rates of gelatine hydrogels could be adjusted using fibroin (Fig. 6).
The remaining fibroin, which is less susceptible to enzymatic degradation than gelatine, may have inhibited degradation by preventing
enzymes from entering the hydrogel.

The rapid increase in the hydrogel degradation rate between 0 and 2 h may be due to the presence of soluble components that did
not form a network structure in the gel and leaked into the soaking solution. Similarly, Li et al. observed a rapid weight loss
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Fig. 6. Biodegradation rates of the G100, FNF-F15G85, and RF-F15G85 hydrogels obtained within 24 h. Error bars shows standard deviations.

immediately after the immersion of fibroin sheets in protease XIV, followed by a slower degradation process [31]. Horan et al. reported
that protease XIV eroded fibroin from the hydrogel surface and that the diameter of fibroin fibres decreased with the immersion time
[32]. FNF, which still retains its fibre shape and high crystallinity, may have degraded more slowly than RF.

In summary, the addition of FNFs resulted in gelatine hydrogels that were less prone to fracture while maintaining their softness,
compared to gelatine hydrogels with or without RF. Furthermore, FNFs inhibited the rapid degradation of gelatine hydrogels and
adjusted their pore size. FNFs, which can be easily prepared using only water, are environmentally safe and biocompatible, making
them an excellent reinforcing component for biomaterials. These tough hydrogels have the potential to be used as wound-healing
materials by adding high functionality to gelatine or FNF by loading metal nanoparticles [33]. Moreover, hydrogels possess a
three-dimensional structure that mimics the extracellular matrix (ECM) of the body, making them suitable as scaffold materials and
drug delivery carriers containing cell growth factors. Cell proliferation is known to be affected by the elasticity of solid tissues [34]. In
this study, FNF reinforcement increased the toughness of the hydrogels without altering the elastic modulus, which may not interfere
with cell culture in conventional gelatine hydrogels. Moreover, the polymeric nanofiber matrix, with its nanoscaled nonwoven fibrous
ECM proteins, is a candidate ECM-mimetic material [35]. In the case of FNF, cell adhesion may be improved because of their nanofiber
shape, and further studies are needed to verify these functions.
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4. Conclusion

In this study, we aimed to reinforce gelatine hydrogels with a FNF aqueous dispersion, which we recently developed, and compared
them with conventional hydrogels complexed with dissolved regenerated fibroin. In all samples, a pore structure of a few micrometres
in diameter was observed. The pore size tended to increase with increasing fibroin addition rate, particularly in the sample with FNF,
where the pore size was relatively larger than that of RF gel, and a web-like network was observed between the pores. FTIR analysis
suggested that the addition of FNF may have caused some changes in the structure of gelatine-derived proteins, such as an increase in
crystallinity. In contrast, the ratio of the g-sheet structure did not change significantly with increasing amounts of RF in the RF-
complexed gel, suggesting that RF has no effect on promoting gel crystallization. The compression test results showed that the
gelatine hydrogel was less prone to fracture without softness loss compared to the gelatine hydrogels with and without fibroin when RF
was added. Enzymatic biodegradability tests indicated that the addition of fibroin inhibits the rapid degradation of gelatine hydrogels
in vivo. FNFs, which are easily prepared using only water, are safe for both the environment and living organisms and hold promise as
an excellent reinforcing material for biomaterials. On the other hand, there are concerns about the toxicity of glutaraldehyde, which
was used as a cross-linking agent in this study, and it is difficult to put the hydrogels produced in this paper to practical use as is. It is
necessary to use cross-linking agents other than glutaraldehyde, such as genipin or enzymes, which are biologically safe. Moreover, the
difference in the reinforcing effect of FNF on these materials also needs to be verified.
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