
fibers

Article

Preparation and Properties of Gelatin Fibers
Fabricated by Dry Spinning

Thitirat Chaochai, Yusuke Imai, Tetsuya Furuike and Hiroshi Tamura *

Received: 26 October 2015; Accepted: 14 January 2016; Published: 20 January 2016
Academic Editor: Ton Peijs

Faculty of Chemistry, Materials and Bioengineering, Kansai University, Suita, Osaka 564-8680, Japan;
thitirat_777@hotmail.com (T.C.); k701596@yahoo.co.jp (Y.I.); furuike@kansai-u.ac.jp (T.F.)
* Correspondence: tamura@kansai-u.ac.jp; Tel.: +81-6-6368-1121

Abstract: Gelatin fibers have been prepared by dry spinning based on the sol-gel transition
phenomena of aqueous gelatin solutions. This method is simple and environmentally friendly
because only water is used for the spinning, thereby avoiding the use of any toxic organic solvents.
A sol-state aqueous solution of gelatin at 50 ˝C was extruded into air through a thin nozzle at room
temperature followed by high-speed stretching in air. As a result, a stretched and shiny gelatin fiber
was produced. To improve the mechanical and water-resistant properties of the fibers, a crosslinking
treatment by the addition of sugars, denacol, and glutaraldehyde vapor was used. Despite their
smooth surfaces, the gelatin fibers exhibited a multi-porous phase on the inside, probably owing
to the retention of water during the spinning process. The mean diameters of the obtained fibers
with all crosslinking agents were approximately 50–60 µm. Furthermore, the mean tensile strength
was increased by all crosslinking agents. In particular, the use of N-acetyl-D-glucosamine and
glutaraldehyde as the crosslinkers resulted in a remarkable increase in tensile strength and water
resistance. Moreover, their properties were further improved after heat treatment. These fibers also
exhibited good water resistance and maintained their morphologies for more than 90 days.

Keywords: gelatin fiber; dry spinning; crosslinking; mechanical property; water resistance

1. Introduction

Gelatin is known as a natural glue and is generally prepared by the acid or alkaline hydrolysis of
animal bones and skins. Gelatin has been utilized for a wide range of applications, including in foods,
food supplements, drinks, and glues, owing to its ability to undergo sol-gel transformation in aqueous
solutions. Since gelatin is biocompatible, low in toxicity, and biodegradable in the bodies of animals,
it has also been applied in biomedical materials, such as capsules for drug delivery and as biomedical
membranes. The low toxicity of gelatin in animals mainly depends on the absence of telopeptides,
which induces the immunological response of collagen at a fairly high level [1–3].

Gelatin fiber is expected to find biomedical applications as a biomaterial. However, gelatin is
difficult to regenerate owing to its insolubility in common organic solvents and the sol-gel transition of
gelatin in aqueous solution. Previously, gelatin fibers were prepared using a wet spinning method
with a lithium (or calcium) chloride-N,N-dimethylacetamide (DMAc) system [4]. In this system,
gelatin dissolved in LiCl-DMAc or CaCl2-DMAc at room temperature was coagulated by exposure to
methanol. However, the tensile strength of the obtained gelatin fibers was less than 30 MPa, which
is not sufficient for practical applications, and long-term immersion in methanol was necessary to
remove the salts from the fibers. Some researchers have also reported the spinning methods of gelatin
fibers using organic or aqueous organic solvent [5–8]. Fukae and Midorikawa prepared the fibers by
the gel spinning of gelatin solution dissolved in dimethylsulfoxide or ethylene glycol. Stoessel et al.
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succeeded the high speed spinning of gelatin fiber in the mixed solvent of 2-propanol and water [8].
Although these fibers showed excellent mechanical strength and water-resistance and was outstanding
for industrial products, the use of a large amount of organic solvent in the spinning process or
post-treatment was unsuitable for practical use in biomedical applications.

Since the aqueous gelatin sol formed upon heating is highly viscous before the formation of
a hard gel, spinning the sol formed from a high-concentration aqueous solution of gelatin on heating
was investigated by the quick removal of water with the orientation of gelatin molecules on the first
stage of spinning [4]. This method is simple and environmentally friendly because the only solvent
used is water. Although the tensile strength of the fibers produced by this method was much greater
than that of wet-spun fibers, the fibers are easily dissolved in water. Therefore, it is necessary to
crosslink the fibers to improve their water resistance. Gelatin microspheres and disks crosslinked
with sugars have been prepared for pharmaceutical applications [9]. Crosslinking with sugars was
shown to enhance the water resistance of gelatin and increase the mechanical strength of gelatin
materials [10,11]. This reaction is referred to as the Maillard reaction, which crosslinks between
the amino groups of proteins by furfural compounds resulting from the Amadori rearrangement
of reducing sugars [12] and induces physical changes in gelatin and other protein matrices [13–16].
The crosslinking of soft collagen with epoxy compounds has been reported to enhance biomechanical
properties while maintaining good biocompatibility [17,18]. Epoxy compounds have also been used
as crosslinkers to coat gelatin onto the inner surface of polyurethane for vascular graft applications,
resulting in significantly improved cell adhesion, spreading, and proliferation [16]. Glutaraldehyde
(GTA) is a bifunctional reagent that is usually used to chemically modify proteins and polymers for
various applications owing to its commercial availability, low cost, and high reactivity [19]. GTA reacts
rapidly with amine groups at or close to neutral pH to form crosslinks [20,21].

In this study, we describe the preparation and characterization of gelatin fibers from the
high-concentration aqueous solutions of gelatin by dry spinning. The gelatin fibers were crosslinked
with various crosslinking agents including sugars, denacol, and GTA, and the properties of the
crosslinked fibers were investigated using tensile and water-resistance tests.

2. Experimental Section

2.1. Materials

Bovine gelatin JS200 (Mw 100,000; 200 bloom, Type B) was supplied by Koei Co., Ltd. (Himeji,
Japan). Ethylene glycol diglycidyl ether (denacol EX-810) was supplied by Nagase ChemteX
Coorporation (Osaka, Japan). The other crosslinking agents, sucrose (Suc), D-glucose (Glc),
D-glucosamine (GlcN), N-acetyl-D-glucosamine (GlcNAc), and GTA solution (25%), were purchased
from Wako Pure Chemical Co., Ltd. (Osaka, Japan).

2.2. Dry Spinning of Gelatin Fiber

A 50 g gelatin granule was mixed with 50 g of water to prepare a 50 wt% gelatin aqueous solution.
The mixture was then placed into a water bath at 50 ˘ 2 ˝C for 30 min and agitated every 10 min to
remove any bubbles from the highly viscous solution; thus, a homogeneous dope solution was obtained.
A cylinder (50 ˘ 2 ˝C) connected to a nozzle (inner diameter = 0.83 mm) was filled with the dope
solution, and the solution was squeezed out through the nozzle under slight pressure (0.10 ˘ 0.04 MPa).
The separation distance between the nozzle and the wind-up roller (diameter = 35 cm) was set to 1.4 m
(Figure 1). The fiber was rolled up at a constant speed (50 ˘ 10 m/min) to an aluminum foil wrapped
on a wind-up roller. The fiber was retained on the wind-up roller at room temperature for 24 h to
remove residual moisture.
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2.3. Preparation of Crosslinked Gelatin Fibers

2.3.1. Crosslinking with Sugars

The 50 wt% gelatin dope solution containing 5 wt% sugar (Suc, Glc, GlcN, or GlcNAc, with
respect to the gelatin mass) mass was prepared and spun by the procedure described in Section 2.2.
The obtained fibers were heat treated at 120 ˝C for more than 24 h to accelerate the crosslinking via the
Maillard reaction.

2.3.2. Crosslinking with Denacol

Gelatin dope solutions (50 wt%) containing various concentrations of denacol (3, 4, and 5 wt%
with respect to the gelatin mass) were prepared. To investigate the spinnability before spinning,
the changes in viscosity of the dope solutions after the addition of denacol were observed at 50 ˝C for
10–70 min. After a suitable crosslinking time, the dope solution was spun by the procedure described
in Section 2.2. The obtained fibers were treated with heat at 100 ˝C for 24 h and crosslinked with the
remaining epoxide groups.

2.3.3. Crosslinking by GTA Treatment

After the spinning of gelatin fibers, the GTA-crosslinking process was carried out by placing the
obtained fibers into a desiccator containing an aqueous solution of GTA at room temperature. After
crosslinking, the fibers were rinsed by immersing them three times in methanol for 15 min each to
remove the residual GTA. To study the effects of crosslinking time in the desiccator and heat treatment,
the fibers were placed in the desiccator for 1–3 days and treated with heat at 100 ˝C for 24 h.

2.4. Water Resistance

Each fiber was immersed in distilled water at room temperature for 90 days. Fiber morphology
was determined by its water-resistant property evaluated by the observations.

The swelling degree of the fibers was calculated from each weight according to Equation (1):

swelling ratio p%q “
W1 ´W0

W0
ˆ 100 (1)

where W0 and W1 are the weights of the dry and wet fibers, respectively.
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2.5. Measurements

Scanning electron microscopy (SEM) observations were made using a JSM6700 microscope (JEOL,
Tokyo, Japan). The mechanical properties were analyzed using a universal testing machine STA-1150
(A & D company, Ltd., Tokyo, Japan). The fibers were fixed between cardboard by maintaining a 1-cm
length of fibers or the fibers tied in a knot. The tensile and knot strengths were measured 15 times
using the fixed fiber samples. The cross-head loading speed was set at 10 mm/min for a loading of
5 N. Fourier transform infrared (FT-IR) analysis was performed using a Varian 670-IR spectrometer
(Agilent Tech. Int. Japan, Ltd., Tokyo, Japan). Thermogravimetric analysis (TGA) was measured using
a SII EXSTER TG6200 thermal analyzer (Chiba, Japan). The temperatures scanned ranged from 20 ˝C
to 700 ˝C with a heating rate of 10 ˝C/min.

3. Results and Discussion

3.1. Preparation of Gelatin Fibers

Gelatin fibers were dry spun from a high-concentration solution of gelatin. If the hot aqueous
gelatin solution (sol state) was reeled off by a glass rod, the solution solidified (gel state) owing to
the decrease in temperature. To obtain the gelatin fibers in a continuous manner, a simple apparatus
was employed for automatic spinning. In this procedure, it was important that the temperature and
concentration of the dope solution, de-bubbling process, and rate of the wind-up roller were controlled
to quickly obtain highly oriented gelatin molecules. Since the water was quickly removed in this
spinning procedure, no fiber cohesion occurred at the wind-up roller during spinning. In fact, after
spinning, the water content of the immediate gelatin fibers decreased to 20% from 50% in the dope
solution from TGA result. The fibers were crosslinked using the dope solutions containing sugars
and denacol and by GTA treatment. Figure 2 shows the images of the gelatin solution after being
kept in an electric water bath for 30 min and the crosslinked fibers. The dope solution was almost
homogeneous, and bubbles were observed on the solution surface. The denacol-crosslinked fibers were
smooth and white in color. On the other hand, the GlcNAc-crosslinked fibers showed a characteristic
brown color after heat treatment owing to the Maillard reaction resulting in the crosslinking between
the amino groups of gelatin and the furfural derivatives generated from the sugars. The GTA-treated
fibers were yellow in color owing to the formation of imine linkages between the free amine groups of
lysine or hydroxylysine residues of the gelatin chain and the aldehyde groups of GTA [22–25].
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Figure 2. Appearances of the dope solution and resultant fibers: (A) aqueous gelatin solution before
spinning; (B) gel fibers without crosslinking; (C) GlcNAc-crosslinked fibers; (D) denacol-crosslinked
fibers; and (E) GTA-treated fibers.

Figure 3 shows SEM images of a non-crosslinked and three crosslinked fibers. Furrows attributed
to the nozzle were observed in the longitudinal direction (arrows in Figure 3A,D). The gelatin
fiber without crosslinking and denacol-crosslinked fiber exhibited smooth surfaces (Figure 3A,C).
The GlcNAc-crosslinked fiber showed a slightly heterogeneous surface because of the complex Maillard
reactions (Figure 3B), and the GTA-treated fiber showed a slightly rough surface (Figure 3D). The results
indicate that only the surfaces of the fibers were crosslinked by GTA vapor, causing it to swelling
slightly owing to moisture. The mean diameter of the GTA-treated fibers was 60˘ 5 µm, slightly larger
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than those of the other fibers (55 ˘ 5 µm). Figure 3E shows the SEM images of cross-section of a gelatin
fiber without crosslinking. An interconnected porous structure was observed in the cross-section of
the fiber. The fiber exhibited a high porosity with a pore diameter of less than 1 µm.
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without crosslinking (high magnification).

3.2. Effects of Crosslinkers

When the reducing sugars were treated at high temperature, the Maillard reaction occurred rapidly
via the Amadori rearrangement, resulting in crosslinking between the molecules. Thus, we attempted
to improve the strength and water resistance using this reaction. The dope solutions containing Suc,
Glc, GlcN, and GlcNAc were spun using the aforementioned procedure and dried at room temperature
for 24 h. The mechanical strengths of the obtained fibers were measured to investigate the effects of
crosslinking with sugars (Figure 4). The tensile stress of the fibers crosslinked with sugars was higher
than that of the non-crosslinked fibers (70 MPa). This indicates that the Maillard reaction proceeded at
the temperature inside the cylinder (50 ˝C) during spinning. After heat treatment at 120 ˝C for 24 h,
the tensile stress of the fibers containing the reducing sugars increased remarkably; the values for
the fibers with Glc, GlcN, and GlcNAc were 174, 179, and 205 MPa, respectively. However, since the
sugar-crosslinked fibers were generally stiff and lacked ductility compared with the other crosslinked
fibers, the knot strength could not be measured.

Denacol, which contains two epoxide groups, reacts readily with amino groups under neutral
conditions, resulting in crosslinking between the molecules. Accordingly, the viscosity of the dope
solution increases gradually with crosslinking. The effects of the addition of the different concentrations
of denacol and the crosslinking time on the spinnability were investigated (Table 1). For crosslinking
intervals under 30 min, the dope solution remained incompletely-dissolved and was not homogeneous.
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For intervals above 50 min, spinning was impossible owing to the high viscosity of the solution.
To obtain a viscosity suitable for spinning, a crosslinking time between 30 and 40 min was found
to be ideal at all concentrations of denacol. The results of the tensile and knot strength tests are
shown in Figure 5. Both the tensile and knot strengths of the non-crosslinked fiber were improved
by crosslinking with denacol. In addition, both strengths were enhanced with increasing denacol
concentration. The tensile and knot stresses for the fiber containing 5% denacol were 203 and 160 MPa,
respectively. After heat treatment at 100 ˝C for 24 h, the stress values were almost the same or
somewhat lower, probably owing to the thermal decomposition of the gelatin molecular chain [26].
These results suggest that the heat treatment was not effective in this case.

Fibers 2016, 4, 2 6 of 11 

tests are shown in Figure 5. Both the tensile and knot strengths of the non-crosslinked fiber were 

improved by crosslinking with denacol. In addition, both strengths were enhanced with increasing 

denacol concentration. The tensile and knot stresses for the fiber containing 5% denacol were 203 and 

160 MPa, respectively. After heat treatment at 100 °C for 24 h, the stress values were almost the same 

or somewhat lower, probably owing to the thermal decomposition of the gelatin molecular chain [26]. 

These results suggest that the heat treatment was not effective in this case. 

 

Figure 4. Mechanical strengths of sugar-crosslinked gelatin fibers. 

Table 1. Spinnability of gelatin solutions containing denacol at different crosslinking time intervals. 

Denacol (%) 
Crosslinking Time (min) 

10 20 30 40 50 60 70 

0 × × ○ ○ ○ ○ ○ 

3 × △ ○ ○ △ △ × 

4 × △ ○ ○ △ △ × 

5 × △ ○ ○ △ × × 

Notes: ○: good spinnability; △: bad spinnability; ×: spinnability impossible. 

 

Figure 5. Mechanical strengths of denacol-crosslinked fibers: (A) no heat treatment and (B) heat 

treatment at 100 °C for 24 h. 

GTA also has two aldehyde groups and reacts rapidly with amino groups to form Schiff bases 

[19]. However, as gelatin is soluble in water, the fibers cannot be crosslinked via immersion in GTA 

solution. Therefore, the crosslinking reaction in this study was performed using GTA vapor. The 

results of the tensile and knot strength tests are shown in Figure 6. Both stresses of the GTA-treated 

fibers were greater than those of the gelatin fiber without GTA. The stresses increased as crosslinking 

time increased from 1 to 3 days. After heat treatment at 100 °C for 24 h, the tensile and knot stresses 

of the fibers crosslinked for 3 days were enhanced from 131 and 103 MPa to 170 and 125 MPa, 

Figure 4. Mechanical strengths of sugar-crosslinked gelatin fibers.

Table 1. Spinnability of gelatin solutions containing denacol at different crosslinking time intervals.

Denacol (%)
Crosslinking Time (min)

10 20 30 40 50 60 70

0 ˆ ˆ # # # # #
3 ˆ 4 # # 4 4 ˆ

4 ˆ 4 # # 4 4 ˆ

5 ˆ 4 # # 4 ˆ ˆ

Notes: #: good spinnability; 4: bad spinnability; ˆ: spinnability impossible.
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treatment at 100 ˝C for 24 h.

GTA also has two aldehyde groups and reacts rapidly with amino groups to form Schiff bases [19].
However, as gelatin is soluble in water, the fibers cannot be crosslinked via immersion in GTA solution.
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Therefore, the crosslinking reaction in this study was performed using GTA vapor. The results of
the tensile and knot strength tests are shown in Figure 6. Both stresses of the GTA-treated fibers
were greater than those of the gelatin fiber without GTA. The stresses increased as crosslinking time
increased from 1 to 3 days. After heat treatment at 100 ˝C for 24 h, the tensile and knot stresses of the
fibers crosslinked for 3 days were enhanced from 131 and 103 MPa to 170 and 125 MPa, respectively.
These results suggest that post-treatment by heat is necessary for crosslinking in this case [25,27].
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3.3. FT-IR Spectroscopy

Figure 7 shows the FT-IR spectra of the gelatin fibers. Gelatin peaks due to the amide I (C=O
stretch), amide II (N–H bend and C–H stretch), and amide III (C–N stretch plus N–H in phase
bending) were observed at 1636–1640, 1542–1544, and 1240 cm´1, respectively. However, no significant
differences were observed in the spectra of the gelatin fibers with and without crosslinking.
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3.4. Water Resistance

To compare the water-resistance properties of the different crosslinked fibers, the fibers were
immersed in deionized water and kept at room temperature. The images of the non-crosslinked
gelatin fibers, the fibers crosslinked with GlcNAc, 4% and 5% denacol, and GTA after 1 h and 90 days
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are shown in Figure 8. The non-crosslinked fibers and fibers crosslinked with 4% denacol swelled
rapidly after immersion. After 1 day, the gelatin fibers were completely dissolved, resulting in
a homogeneous solution. Although the gelatin fiber containing 5% denacol swelled a little, its shape
was maintained more than that of the fiber containing 4% denacol. In contrast, the gelatin fibers
crosslinked with GlcNAc and GTA and heat-treated for 3 days showed good water resistance and
maintained their morphologies for more than 90 days. The swelling ratios of GlcNAc-, 5% denacol-,
and GTA-crosslinked fibers after immersion in deionized water at room temperature for 1 day were
240%, 377%, and 196%, respectively.

Fibers 2016, 4, 2 8 of 11 

maintained their morphologies for more than 90 days. The swelling ratios of GlcNAc-, 5% denacol-, 

and GTA-crosslinked fibers after immersion in deionized water at room temperature for 1 day were 

240%, 377%, and 196%, respectively. 

 

Figure 8. Water resistance of each crosslinked fiber. 

In addition, the mechanical properties of the gelatin fiber at wet condition were also investigated. 

The mechanical strength at wet condition was measured after immersing the fiber into deionized 

water for 2 min. Figure 9 shows the results of strength (tensile and knot) and strain of denacol-

crosslinked fiber (after heat treatment at 100 °C for 24 h) at dry and wet conditions. The results 

showed that the strength of the fibers at wet condition decrease and the strain of the fibers increase 

remarkably, compared with those at dry condition because of the swelling of the fibers by the 

absorption of water. This means that the gelatin fibers in this study are excellent in compatibility 

against water, which is required for biomedical applications. However, the further improvement of 

the mechanical property may need for the applications that are necessary for the strength. 

 

Figure 9. Mechanical properties of denacol-crosslinked gelatin fibers at dry and wet conditions. 

The water-resistant properties of the sugar-crosslinked fibers heat-treated for different amounts 

of time were investigated (Figure 10). The weakest crosslinker of gelatin fibers in this study was found 

to be Suc. This result is attributed to the fact that Suc is a non-reducing sugar, making the Millard 

reaction weaker. In the cases of GlcN and Glc, the mechanical strengths and water resistances were 

almost the same and increased slightly with the duration of heat treatment. In contrast, crosslinking 

with GlcNAc remarkably increased the water resistance of the fibers, and the crosslinked fibers 

retained their shapes for more than 90 days. These results indicate that GlcNAc was the most effective 

crosslinker among the sugars employed in this study. 

Figure 8. Water resistance of each crosslinked fiber.

In addition, the mechanical properties of the gelatin fiber at wet condition were also investigated.
The mechanical strength at wet condition was measured after immersing the fiber into deionized water
for 2 min. Figure 9 shows the results of strength (tensile and knot) and strain of denacol-crosslinked
fiber (after heat treatment at 100 ˝C for 24 h) at dry and wet conditions. The results showed that
the strength of the fibers at wet condition decrease and the strain of the fibers increase remarkably,
compared with those at dry condition because of the swelling of the fibers by the absorption of water.
This means that the gelatin fibers in this study are excellent in compatibility against water, which is
required for biomedical applications. However, the further improvement of the mechanical property
may need for the applications that are necessary for the strength.
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Figure 9. Mechanical properties of denacol-crosslinked gelatin fibers at dry and wet conditions.

The water-resistant properties of the sugar-crosslinked fibers heat-treated for different amounts of
time were investigated (Figure 10). The weakest crosslinker of gelatin fibers in this study was found to
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be Suc. This result is attributed to the fact that Suc is a non-reducing sugar, making the Millard reaction
weaker. In the cases of GlcN and Glc, the mechanical strengths and water resistances were almost the
same and increased slightly with the duration of heat treatment. In contrast, crosslinking with GlcNAc
remarkably increased the water resistance of the fibers, and the crosslinked fibers retained their shapes
for more than 90 days. These results indicate that GlcNAc was the most effective crosslinker among
the sugars employed in this study.Fibers 2016, 4, 2 9 of 11 
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Figure 10. Effect of heat treatment time on the water resistances of gelatin fibers crosslinked with
different sugars.

4. Conclusions

Gelatin fibers were prepared from the high-concentration aqueous solutions of gelatin by dry
spinning based on the sol-gel transition phenomenon of the solutions. To obtain the gelatin fibers in
a continuous manner, a simple apparatus was developed for automatic spinning. Since the spinning
procedure quickly removed excess water, no fiber cohesion occurred at the wind-up roller during
spinning. The fibers exhibited smooth surfaces with a multi-porous phase on the interior, probably
owing to the retention of water during the spinning process. To improve the mechanical strengths
and water resistances of the fibers, crosslinked fibers were prepared using sugars, denacol, and GTA
as crosslinking agents. The mean diameters of the obtained fibers were approximately 50–60 µm.
The mechanical strengths of all the crosslinked fibers were increased compared with those of the
non-crosslinked fibers. Among the tested sugars, GlcNAc was the most effective crosslinker, and
GTA was also effective. The heat treatment of the GTA-crosslinked fibers significantly enhanced
both the mechanical and water-resistant properties. Although the denacol crosslinking showed the
poor water resistance compared with the others, the smooth fiber surface might be an advantage to
develop for biomaterial application, which is less needed by mechanical strength such as gel drug
delivery. Additionally, these fibers maintained their shapes in deionized water for more than 90 days.
The spinning method used in this study is simple and environmentally friendly as it uses only water
and not any toxic organic solvents. Furthermore, because of the low toxicity of gelatin, the developed
gelatin fibers and fiber assemblies are expected to be useful not only as systems for the sustained
release of flavors but also as biomedical applications, such as sutures and drug delivery carriers.
The biomedical applications of the gelatin fibers are now under investigation and the results will be
reported as soon as possible.
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